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CHAPTER 1. The use of luminescence and 
17
O-NMR spectroscopy to study 
coordination chemistry of lanthanide ions 
Portions of this chapter have been reprinted from Dyes and Pigments, 110, Lin Z.; Allen 
M. J., Luminescence as a tool to study lanthanide-catalyzed formation of carbon–carbon 
bonds, 261–269. Copyright (2014), With permission from Elsevier. 
1.1 Introduction 
       To obtain a Ph.D. in chemistry, I studied the application of analytical techniques, 
specially luminescence spectroscopy and variable-temperature 
17
O-nuclear magnetic 
resonance (NMR) spectroscopy to probe the coordination environment of trivalent 
lanthanide ions (Ln
3+
) in solution. This study led to the ability to measure the number of 
non-hydroxyl oxygen-containing solvent molecules bound to the ions and water-
exchange rates in room temperature ionic liquids. In this introduction chapter, the 
background information of the luminescence and magnetic properties of Ln
3+
 ions and 
the use of analytical tools to study the coordination environment of Ln
3+ 
ions in solution 
are described to contextualize my efforts.  
1.2 Luminescence properties of Ln
3+
 ions and their applications in catalysis 
      The lanthanides include the 14 elements from cerium to lutetium that most often exist 
in the tripositive oxidation state, where they exhibit interesting luminescence and 
magnetic properties. These properties have inspired the study of lanthanide ions in anion-
sensing,
1
 cation-sensing,
2
 biomolecule-sensing,
3
 medical imaging,
4
 and light 
amplification.
5
 A number of reviews of the luminescence properties of lanthanides have 
been published including the use of luminescent lanthanides to sense anions, pH, and 
oxygen;
6
 applications of luminescent lanthanides in biomedical imaging;
7
 lanthanide-
2 
 
 
 
based materials in light-emitting diodes;
8
 and the use of lanthanides in ionic liquids 
including their spectroscopic properties.
9
  
      In addition to having useful luminescence properties, lanthanide ions are strong Lewis 
acids. Unlike other Lewis acids–such as AlCl3, TiCl4, and SnCl4 that readily hydrolyze in 
water–lanthanide trifluoromethanesulfonates or triflates [Ln(OTf)3] are water-tolerant. 
The use of these salts as water-tolerant precatalysts for organic reactions has received a 
great deal of attention over the last few decades,
10–17
 and the use of coordination 
complexes of these salts as aqueous-phase pre-catalysts and asymmetric pre-catalysts has 
been reviewed.
18,19
 
      The reminder of section 1.2 begins with a review of the principles of lanthanide 
luminescence with a focus on the use of luminescence-decay measurements to study the 
water-coordination numbers of lanthanide ions. The section then describes how these 
measurements have been used to study lanthanide-catalyzed carbon–carbon bond-
forming reactions.  
1.2.1 Lanthanide spectroscopy  
      Interest in the spectroscopic properties of the trivalent lanthanide ions is due in part to 
their uniquely narrow absorption and emission peaks, large Stokes shifts, and long 
luminescence lifetimes. These properties are determined by the electronic structures of 
the ions. Trivalent lanthanide ions have electronic configurations of [Xe]4f
n 
(n = 1–14). 
Because the 4f orbitals are shielded from the environment by the filled 5s
2
 and 5p
6
 
subshells, the spectroscopic properties of these ions are largely independent from their 
environment and ligands. This section details the relationships between electronic 
structure and absorption and emission.  
3 
 
 
 
      There are three types of electronic transitions that govern absorption and emission in 
trivalent lanthanide ions:
20
 4f–5d transitions, charge-transfer transitions (metal-to-ligand 
or ligand-to-metal), and 4f–4f transitions. Because there are seven 4f orbitals, the 
trivalent lanthanides have multiple, well-defined transitions; however, these transitions 
are usually weak, with molar absorptivities in aqueous solution of <1 M
–1
 cm
–1
. The 4f–
5d and charge-transfer transitions are parity allowed and are usually high energy (UV), 
and the 4f–4f transitions tend to be lower in energy (often in the visible region). These 
4f–4f transitions are occasionally perturbed by the environment and the occasional 
perturbations are useful in studying bond-forming reactions as described later in this 
introduction. 
      The 4f–4f transitions can be divided into electric dipole transitions, magnetic dipole 
transitions, and electric quadrupolar transitions. Electric dipole transitions between states 
with the same parity are forbidden according to Laporte’s parity selection rule.21 As a 
consequence, electric dipole transitions in lanthanide ions have low probabilities of 
occurrence. However, this selection rule can be circumvented with non-centrosymmetric 
lanthanide complexes that lead to transitions called induced electric dipole transitions. 
While electric dipole transitions need special circumstances to increase their chances of 
occurring, magnetic dipole transitions are allowed by Laporte’s parity selection rule.21 
Nevertheless, these transitions are weak and not influenced by the environment of a 
lanthanide ion, resulting in intensities from magnetic dipole transitions being in the same 
magnitude of intensity as induced electric dipole transitions. Finally, like electric dipole 
transitions, electric quadrupolar transitions are sensitive to the environment. However, 
4 
 
 
 
electric quadrupolar transitions are weaker than magnetic dipole transitions and are rarely 
observed due to their low intensity.
20
  
      Because direct excitation of lanthanide ions does not always lead to sufficient 
emissions for a given application, ligand sensitization is often used with lanthanide 
complexes to increase luminescent emissions. In ligand-sensitized luminescence of 
lanthanides, a nearby molecule called an antenna is conjugated to the lanthanide complex 
as represented in Figure 1.1A. Antenna molecules are often aromatic or unsaturated 
organic molecules that absorb light more efficiently than lanthanide ions. These 
molecules can be conjugated to the lanthanide complex via a linker or by direct 
coordination to the ion. Excitation of the antenna and subsequent energy transfer to a 
lanthanide ion is depicted schematically in Figure 1.1. In this illustration, the antenna is 
excited from its ground state to a singlet excited state and then released to its triplet state 
through intersystem crossing (ISC). Energy transfer (ET) occurs from the triplet state of 
antenna to the excited state of the Ln
3+
 ion. The use of an antenna can increase the 
quantum yield of Ln
3+
 ion up to 61% in aqueous solution.
22  
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Figure 1.1. Ligand-sensitized lanthanide luminescence: (A) Schematic representation of 
an antenna absorbing light and then transferring the energy (ET) to an attached lanthanide 
complex to enhance the lanthanide emission. (B) Simplified Jablonski diagram of ligand-
sensitized lanthanide luminescence where S0 is the ground state of the antenna, S1 is the 
excited singlet state of the antenna, T1 is the excited triplet state of the antenna, and ISC is 
intersystem crossing. 
      Two types of luminescence can occur when excited lanthanide ions return to their 
ground states: fluorescence and phosphorescence. Ln
3+
 ion ions can undergo either of 
these types of luminescence or both simultaneously. Fluorescence does not involve a spin 
change [for example, 
4
F9/2(excited state)→
4
I15/2(ground state) for Er
3+
, where the 
superscript 4 does not change]. The superscript portion of the term symbol, the spin 
multiplicity, is equal to 2S+1. If this number does not change, then the spin does not 
change. The other type of luminescence, phosphorescence, involves a spin change [for 
example, 
5
D0(excited state)→
7
F0(ground state) for Eu
3+
, where the superscript 5 changes 
to 7]. Compared to organic lumophores and quantum dots, luminescent lanthanides have 
many advantages. Lanthanide luminescence occurs over a broad range of energy that is 
covered by the ions in aqueous solution from UV to near-IR,
20
 a feature caused by the 
multiple electronic states of lanthanide ions. The broad range of possible emissions 
enable lanthanide ions to be used in a diverse range of applications. Furthermore, 
trivalent lanthanide luminescence is in the form of sharp emission lines that reduce the 
loss of spectral information caused by overlapping peaks. Additionally, for many of the 
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lanthanides, luminescence lifetimes are long relative to organic lumophores. For example, 
the luminescence lifetime of Eu
3+ 
is often on the order of milliseconds, while 
luminescence lifetimes of organic lumophores are usually on the order of nanoseconds. 
Another important feature of lanthanide luminescence is the presence of hypersensitive 
transitions. Although the luminescence of lanthanides is minimally perturbed by the 
environment because of the nature of the 4f orbitals, some electric dipole-based 
emissions of the lanthanide ions are sensitive to the environment, and these transitions are 
called hypersensitive transitions. For example, in the emission spectra of Eu
3+
-containing 
complexes, the electric dipole-governed emission (
5
D0 →
7
F2, λ = 612 nm) is sensitive to 
quenching by vibrations in the environment, but the magnetic dipole-dominated emission 
(
5
D0→
7
F1, λ = 591 nm) is relatively unperturbed by the surroundings. Consequently, the 
ratio of the emission intensities at these wavelengths (I612/I591) has been used to study 
changes in the coordination environment of Eu
3+
. For example, changes in the I612/I591 
ratio of Eu
3+
 were used to study binding of dipicolinic acid.
23
 The I612/I591 ratio increased 
from 0.44 to 3.4 when one equivalent of dipicolinic acid was added to Eu
3+
, and the ratio 
increased to 7.8 when three equivalents were added. The changing ratios are caused by 
the replacement of the inner-sphere water with dipicolinic acid that changes the 
symmetry of the Eu
3+
 ion resulting in an induced electric dipole transition that increases 
the intensity of the emission at 612 nm. This ratio is a potential tool to study lanthanide-
catalyzed organic reactions that involve coordination changes during the reaction. 
      The spectroscopic properties of lanthanide ions are important for their applications, 
one of which is the use of luminescence lifetime measurements to study the coordination 
environment of lanthanide ions in solution. Details of this application are described in the 
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next section. 
1.2.2. Luminescence lifetime studies of lanthanide coordination environments 
      The water-coordination number (q) of lanthanide ions is an important parameter in 
the study of biomolecules,
24
 in the design of contrast agents for magnetic resonance 
imaging,
25
 and in the study of catalysis in bond-forming reactions.
26
 Water coordination 
has been investigated by methods including X-ray diffraction,
27–30
 neutron diffraction,
31
 
extended X-ray absorption spectroscopy,
32
 and lanthanide ion-induced 
17
O-NMR water 
shift measurements.
33,34
 These methods are useful, but they are performed with solids or 
require high concentrations of lanthanide ions (M–mM). In contrast to those methods, 
luminescence lifetime measurements can be used to determine water-coordination 
numbers in solution with low concentrations of lanthanide ions (≤mM). 
       In the 1960s, Kropp and Windsor reported that the luminescence intensities and 
lifetimes of Eu
3+
 and Tb
3+
 are enhanced when solvent molecules (water, methanol, or 
acetone) are substituted with their deuterated counterparts because of changes in the 
amount of radiationless deactivation of the excited states of the lanthanide ions by 
vibrations of bonds that contain hydrogen.
35,36
 This correlation is illustrated by the 
different non-radiative pathways of the excited Eu
3+
 ion in H2O and D2O as shown in 
Figure 1.2. The excited state of Eu
3+
 overlaps better with the energy of the vibrational 
overtones of O–H oscillators than with the energy of the vibrational overtones of O–D 
oscillators. Therefore, energy transfer from the excited state of Eu
3+
 to H2O is more 
efficient than to D2O. Based on the different quenching rates of lanthanide luminescence 
in H2O and D2O, much effort has been invested to quantitatively determine the water-
coordination numbers of lanthanide ions using luminescence lifetime measurements. 
8 
 
 
 
 
Figure 1.2. Simplified Jablonski diagram outlining some of the possible relaxation 
pathways of excited Eu
3+
 ions in H2O and D2O: the electric dipole-governed (
5
D0→
7
F2, λ 
= 612 nm) and magnetic dipole-dominated (
5
D0→
7
F1, λ = 591 nm) emissions (other 
transitions including 
5
D0→
7
F0, 
5
D0→
7
F3, 
5
D0→
7
F4,
 5
D0→
7
F5,
 
and 
5
D0→
7
F6 are not shown 
for simplicity). The vibrational overtones of O–H oscillators effectively quench the 
excited state (
5
D0) of Eu
3+
 ions, reducing luminescence lifetimes. However, quenching in 
D2O is less efficient because of the smaller overlap between the emissive Eu
3+
 state (
5
D0) 
and the vibrational overtones of O–D oscillators.  
      Horrocks and Sudnick used a pulsed dye laser source (λex = 488 nm, Tb(lll), λex = 461 
nm, Eu(lll)) to excite a series of Eu
3+
- and Tb
3+
-containing complexes to study their 
luminescence-decay rates in H2O (kH2O) and D2O (kD2O).
37
 The lanthanide complexes that 
they studied have known coordination numbers in the solid state between zero and nine 
based on X-ray characterization. The authors directly excited Eu
3+
-containing complexes 
at 461 nm [
7
F0(ground state)→
5
D2(excited state)] and recorded luminescence lifetimes of 
the long-lived emissive state (
5
D0) to calculate the kH2O and kD2O (Figure 1.3A). For the 
Tb
3+
-containing complexes, they used 488 nm excitation [
7
F6(ground state)→
5
D4(excited 
state)] to study luminescence lifetimes of the 
5
D4 state to calculate kH2O and kD2O (Figure 
1.3B). After obtaining the luminescence-decay rates of the Eu
3+
- and Tb
3+
-containing 
complexes, the authors calibrated values of kH2O–kD2O with the crystal-structure-based 
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water-coordination numbers to empirically derive
 
equations to calculate q (Table 1.1, 
eq’s 1.1 and 1.2). While providing a useful method to study the coordination environment 
of lanthanide ions in solution, these initial studies did not consider the contribution from 
outer-sphere water molecules and non-water ligands that can depopulate excited states. 
This missing information resulted in relatively large uncertainly values of ±0.5 water 
molecules.  
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Figure 1.3. Simplified Jablonski diagrams of the ions used in q measurements: States not 
used for q measurements have been omitted for clarity. (A) Eu
3+
 is excited from its 
ground state (
7
F0) to an excited state (
5
D2) that undergoes non-radiative decay to its long-
lived emissive state (
5
D0). From the 
5
D0 state, the ion relaxes to a ground state (
7
F1), 
emitting at 590 nm. (B) Tb
3+
 is excited from its ground state (
7
F6) to its emissive state 
(
5
D4) and then relaxes to the ground state (
7
F5), emitting at 545 nm. (C) An antenna is 
excited from its ground state (S0) to its singlet excited state (S1). Intersystem crossing 
(ISC) to the antenna’s triplet state (T1), intramolecular energy transfer (ET) to the excited 
state of Eu
3+
, and non-radiative decay populates the emissive state (
5
D0) of Eu
3+
. 
Relaxation to 
7
F1 or 
7
F2 results in emission at 590 or 619 nm, respectively. (D) An 
antenna is excited from its ground state (S0) to its singlet excited state (S1). ISC to the 
antenna’s triplet state (T1), intramolecular ET to the excited state of Tb
3+
, and non-
radiative decay populates the emissive state (
5
D4) of Tb
3+
. Relaxation to 
7
F5 results in 
emission at 545 nm. (E) Yb
3+
 is excited from its ground state (
2
F7/2) to its emissive state 
(
2
F5/2), and then it relaxes to the ground state (
2
F7/2) and emits radiation. Emission was 
recorded above 1050 nm to avoid scattering of excitation light. (F) Sm
3+
 is excited from 
its ground state (
6
H5/2) to its excited state (
4
I13/2) and undergoes non-radiative decay to 
populate its emissive state (
4
G5/2). Relaxation to 
6
H7/2 or 
6
H5/2 results in emission at 559 or 
594 nm, respectively. (G) Dy
3+
 is excited from its ground state (
6
H15/2) to an excited state 
(
4
I15/2) and undergoes non-radiative decay to its emissive state (
4
H5/2). Relaxation to 
6
H15/2 
or 
6
H13/2 results in luminescence at 478 or 572 nm, respectively. (H) Nd
3+
 is excited from 
its ground state (
4
I9/2) to its excited state (
2
G7/2) and undergoes non-radiative decay to its 
emissive state (
4
F3/2). Relaxation to 
4
I9/2 results in emission at 890 nm. (I) Eu
3+
 is excited 
from its ground state (
7
F0) to an excited state (
5
L6) and undergoes non-radiative decay to 
populate a long-lived emissive state (
5
D0). Relaxation to the ground state (
7
F1) results in 
emission at 590 nm. 
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Table 1.1. Equations for calculating water-coordination number (q) based on 
luminescence lifetime measurements 
eq Ln
3+
 eq to calculate q
a
  Uncertainty 
(water 
molecules)  
reference 
1.1 Eu
3+
 q = 1.05 [kH2O – kD2O] ±0.5 37 
1.2 Tb
3+
 q = 4.2[kH2O – kD2O] ±0.5 37 
1.3 Eu
3+
 q = 1.2[kH2O – kD2O – 0.25 – 0.075nO=CNH] nr
b
 38 
1.4 Tb
3+
 q = 5[kH2O – kD2O – 0.06] nr
b
 38 
1.5 Yb
3+
 q = 1×10
–3
[kH2O – kD2O – 0.2] nr
b
 38 
1.6 Eu
3+
 q = 1.05[kH2O – kD2O – 0.31 + 0.45nOH + 0.99nNH + 0.075nO=CNH] ±0.1 39 
1.7 Sm
3+
 q = 0.026 [kH2O – kD2O] – 1.6 ±0.3 40 
1.8 Dy
3+
 q = 0.024 [kH2O – kD2O] – 1.3 ±0.3 40 
1.9 Nd
3+
 q = 3.58×10
–7
 [kH2O – kD2O] – 1.97 nr
b
 41 
1.10 Eu
3+
 q = 1.05kH2O – 0.70 ±0.5 42 
 
a
the units of kH2O and kD2O are ms
–1
; 
b
nr = not reported. 
      To evaluate the influence of quenching vibrations on the luminescence of lanthanides, 
Parker and co-workers measured the luminescence lifetimes of Eu
3+
-, Tb
3+
-, and Yb
3+
-
containing complexes with 20 ligands in H2O and D2O.
38
 In their measurements, Eu
3+
- 
and Tb
3+
-containing complexes were indirectly excited via antenna molecules at 270 and 
274 nm, respectively. Their luminescence lifetimes were recorded at 590 or 619 nm 
(
5
D0→
7
F1 or 
5
D0→
7
F2, respectively) for Eu
3+
-containing complexes and at 545 nm 
(
5
D4→
7
F5) for Tb
3+
-containing complexes (Figure 1.3C and 1.3D). The Yb
3+
-containing 
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complexes were directly excited at 970 nm (
2
F7/2→
2
F5/2), and luminescence lifetimes 
were measured for the 
2
F7/2→
2
F5/2 transition (Figure 1.3E). The contribution of outer-
sphere water molecules and C–H and N–H oscillators were taken into consideration in 
this study to describe the depopulation of the excited states of the lanthanide ions. The 
average contributions of outer-sphere water to the depopulation of the excited states of 
Eu
3+
, Tb
3+
, and Yb
3+
 were reported to be –0.25, –0.06, and –0.00020 ms–1, respectively. 
The authors found that N–H oscillators of bound amides quench the excited state of Eu3+ 
at a decay rate of 0.075 ms
–1 
but do not appreciably quench the excited states of Tb
3+
 or 
Yb
3+
. They also found that C–H oscillators minimally quench the excited states of Eu3+ 
and Yb
3+ 
ions relative to N–H and O–H oscillators. The equations they derived to 
calculate q for Eu
3+
, Tb
3+
, and Yb
3+
 in aqueous solution are shown in Table 1.1 (eq’s 1.3, 
1.4, and 1.5). The authors suggested that the accuracy of q determinations should be high 
using their equations, but no specific uncertainty values were reported. Additionally, they 
used complexes with q values less than or equal to 1 to derive their equations. As a result, 
equations 3 and 4 should be used with caution for estimating q values greater than 1. 
      Parker and co-workers presented equations that accounted for outer-sphere 
contributions to quenching, but their equations overestimate water-coordination numbers 
greater than one. To increase the accuracy of water-coordination number measurements, 
Supkowski and Horrocks derived an equation for the q of Eu
3+
 that took into 
consideration complexes with water-coordination numbers greater than one; quenching 
by outer-sphere water molecules; and quenching by oscillators bound to Eu
3+
 including 
O–H oscillators (nOH), N–H oscillators in amines (nNH), and N–H oscillators in amides 
(nO=CNH).
39
 Their updated equation to calculate q is listed in Table 1.1 (eq 1.6) with an 
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uncertainty value of ±0.1 water molecules, much lower than the error of ±0.5 water 
molecules with eq 1.1. 
      The use of luminescence lifetime measurements to determine the water-coordination 
numbers of lanthanide ions in aqueous solution was extended beyond Eu
3+
, Tb
3+
, and 
Yb
3+
 to Sm
3+
, Dy
3+
, and Nd
3+
 by Kimura and Kato.
40,41
 They used a pulsed laser beam to 
excite several Sm
3+
-, Dy
3+
-, and Nd
3+
-containing complexes at 464 nm (
6
H5/2→
4
I13/2), 454 
nm (
6
H15/2→
4
I15/2), and 593 nm (
4
I9/2→
4
G7/2), respectively, in H2O and D2O to record 
luminescence lifetimes for Sm
3+ 
at 559 or 594 nm (
4
G5/2→
6
H5/2 or 
4
G5/2→
6
H7/2, 
respectively), for Dy
3+
 at 478 or 572 nm (
4
H5/2→
6
H15/2 or 
4
H5/2→
6
H13/2, respectively), and 
for Nd
3+
 at 890 nm (
4
F3/2→
4
I9/2) (Figure 1.3F–1.3H). After obtaining the decay rates, 
they empirically derived equations to calculate the q values of Sm
3+
, Dy
3+
, and Nd
3+
 in 
aqueous solution (Table 1.1, eq’s 1.7–1.9).40,41 The uncertainty of q they reported is ±0.3 
water molecules for Sm
3+
 and Dy
3+
, but the uncertainty for Nd
3+ 
was not reported. 
      All equations to calculate q described so far require measurement of luminescence 
lifetimes in both H2O and D2O. As a result, at least two measurements need to be 
performed. To reduce the number of measurements, Barthelemy and Choppin measured 
the luminescence lifetimes of a series of Eu
3+
-containing complexes in the solid state that 
were crystallized from H2O or D2O.
42
 They directly excited Eu
3+
-containing complexes at 
395 nm (
7
F0→
5
L6) and measured the luminescence lifetimes at 590 nm (
5
D0→
7
F1) 
(Figure 1.3I). They found the luminescence lifetimes of the complexes were nearly 
constant in D2O. To simplify the q calculations, they assumed that the ligands chelated to 
Eu
3+
 do not contribute to the de-excitation of the excited state, and consequently, they 
derived equations for q by measuring luminescence lifetimes of Eu
3+
-containing 
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complexes in only H2O (Table 1.1, eq 1.10). This simplified equation yields uncertainty 
values that are similar to the original Horrocks’s equation (±0.5 water molecules) but 
requires half of the measurements by excluding D2O. However, the potential for 
quenching the excited state of Eu
3+
 by coordinated ligands and outer-sphere molecules 
was not considered in this study and limits the usefulness of the equation for solution-
based samples.  
      In addition to strictly aqueous media, luminescence lifetime measurements have been 
used to evaluate the coordination environment of Eu
3+
-containing complexes in water–
organic mixtures that are important solvent systems in catalysis and separations. 
      Luminescence lifetime measurements of Eu
3+
 in water–organic solvent mixtures have 
been performed using similar methods as in aqueous solution, using deuterated water 
mixed with deuterated organic solvents to measure kD2O. The luminescence lifetimes of 
Eu
3+
 in water–organic mixtures were measured by Tanaka and co-workers.43 They used 
the luminescence lifetime measurements to evaluate the binding ability of water and 
organic solvents to Eu
3+
 in water–organic mixtures in a variety of solvent compositions. 
They found that water outcompeted other solvents in binding to Eu
3+ 
in the mixtures of 
water with acetone, acetonitrile, 1,4-dioxane, or methanol. In contrast, organic solvents 
outcompete water in binding to Eu
3+
 in solutions of water with dimethylsulfoxide or 
dimethylformamide.
43
 One aspect of quenching that was missing from this study was the 
quenching of luminescence caused by the organic solvent. This missing piece of 
information was reported by Kimura and co-workers.
44
 They systematically investigated 
the inner-sphere solvent composition of Eu
3+
 ions in water–organic solvent mixtures and 
demonstrated that organic solvents contribute to the depopulation of the excited state of 
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the Eu
3+ 
ion. Based on their findings, use of the equations in Table 1.1 to calculate q 
values in water–organic solvent mixtures is not appropriate. 
      An equation to measure q in different solvent compositions was reported by Allen 
and co-workers.
45
 Their equation accounts for the quantitative de-excitation of excited 
Eu
3+ 
ions by inner-sphere organic molecules and outer-sphere water–organic solvent 
mixtures. They measured the luminescence lifetimes of six well characterized Eu
3+
-
containing complexes (Figure 1.4) in commonly used water–organic solvent mixtures. 
The equation they derived to calculate the q values of Eu
3+
-containing complexes is eq 
1.11, where α is the contribution to the depopulation of the excited states of Eu3+-
containing complexes that varies as a function of both water concentration and organic 
solvent identity. To derive equations for the α value in different binary solvents, they 
used complexes 1.1 and 1.2 that have no inner-sphere water molecules to determine the 
luminescence quenching by outer-sphere binary solvents (mixtures from 1 to 100% 
water). Then, they subtracted these outer-sphere values from the quenching rates 
observed with complexes 1.3–1.6 to derive equations for α that take into account 
quenching from inner-sphere and outer-sphere water and organic solvent. They 
extrapolated their findings to provide estimations of q for any concentration of water in 
dimethylformamide, acetonitrile, tetrahydrofuran (THF), acetone, dimethylsulfoxide 
(DMSO), ethanol, or methanol. The equations for calculating α values were adapted into 
a web-based application that is free to use.
46
 Based on their findings, they suggested that 
eq 1.11 is more accurate than the equations in Table 1.1 when using binary solvents. 
q = 1.2(|kH2O – kD2O| – α)     1.11 
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Figure 1.4. Structures of Eu
3+
-containing complexes used to derive eq 1.11 from water–
organic solvent mixtures. The X’s represent coordination sites for water or solvent 
molecules. 
      When determining water-coordination numbers of lanthanide ions using 
luminescence lifetime measurements, it is important to consider that many oscillators (O–
H, N–H, and C–H) and solvents can non-radiatively depopulate the excited states of 
lanthanide ions. The appropriate equation for a specific system must be chosen to reduce 
the uncertainty of q in the calculation and to fit the experimental design. As is discussed 
in the next section, accurate determination of the coordination environment of lanthanide 
ions plays an important role in the study of lanthanide-catalyzed carbon–carbon bond-
forming reactions.  
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1.2.3 Study of lanthanide-catalyzed carbon–carbon bond-forming reactions using 
luminescence measurements 
      Lanthanide ions are strong Lewis acids that are able to effectively catalyze many 
organic reactions,
47–52
 and some of these reactions are performed in aqueous solvent 
systems. An understanding of the reaction mechanisms in these systems would enhance 
the ability to effectively design pre-catalysts, and luminescence is a useful tool to 
investigate changes in coordination that are involved in reaction mechanisms. 
      Luminescence lifetime measurements have been applied to study the coordination 
changes associated with lanthanide-catalyzed carbon–carbon bond formations such as the 
Mukaiyama aldol reaction. The Mukaiyama aldol reaction is a powerful route to form 
carbon–carbon bonds (Scheme 1.1),53 and a study of the Mukaiyama aldol reaction was 
performed using luminescence lifetime measurements.
54
 Dissanayake and Allen chose 
Eu(OTf)3 as a pre-catalyst due to its strong Lewis acidity and prominent luminescence 
properties. They divided the proposed catalytic cycle into three coordinates (Figure 
1.5A). The luminescence lifetimes of the Eu
3+
-containing complexes in the 1
st
, 2
nd
, and 
3
rd
 coordinates were measured in H2O and D2O solutions to calculate the water-
coordination numbers of each coordinate. Their results are shown in Figure 1.5B, where 
the solid circles represent the water-coordination numbers of Eu
3+
 in the 1
st
 and 3
rd
 
coordinates, and the hollow circles represent the water-coordination number of Eu
3+
 in 
the 2
nd 
coordinate. The water-coordination numbers decreased (Δq) upon addition of 
benzaldehyde (Figure 1.5B), and the authors interpreted this observation as the 
displacement of inner-sphere water by benzaldehyde. Additionally, the largest Δq drop 
from the addition of benzaldehyde occurred when the measurements were performed in 
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20% water in THF (v/v), a solvent composition that corresponds to the highest reaction 
yield.
11
 The lack of difference between the 1
st
 and 3
rd
 coordinates suggests, that product 
inhibition was not observed with the method. Their study indicates that the probability of 
activation of aldehyde by lanthanide ions is related to reaction yield. 
 
Scheme 1.1. Lanthanide triflate-catalyzed Mukaiyama aldol reaction in water–THF. R 
groups are aromatic, aliphatic, or H. 
 
20 
 
 
 
 
Figure 1.5. (A) Simplified catalytic cycle of an aqueous Eu(OTf)3-catalyzed Mukaiyama 
aldol reaction: x, y, and q represent the number of triflate anions, THF molecules, and 
water molecules coordinated to Eu
3+
 in the 1
st
 coordinate; x’, y’, q’, and z represent the 
number of triflate anions, THF molecules, water molecules, and benzaldehyde molecules 
coordinated to Eu
3+
 in the 2
nd
 coordinate; x’’, y’’, q’’, and a represent the number of 
triflate anions, THF molecules, water molecules and 2-
(hydroxyphenylmethyl)cyclohexanone molecules coordinated to Eu
3+
 in the 3
rd
 
coordinate; (B) water-coordination number of Eu
3+
-containing complexes as a function of 
solvent composition in the 1
st
 and 3
rd
 (•) and 2nd (◦) coordinates of Eu3+ ions. Δq is the 
water-coordination number change of Eu
3+
 before and after the addition of benzaldehyde. 
Reprinted with permission from Dissanayake P., Allen M. J. Dynamic measurements of 
aqueous lanthanide triflate-catalyzed reactions using luminescence decay. J. Am. Chem. 
Soc. 2009;131:6342–3. Copyright 2009 American Chemical Society. 
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      The counteranions of Eu
3+
-based pre-catalysts also influence the reaction rate and 
yield of the Mukaiyama aldol reaction. Allen and co-workers studied the initial reaction 
rates and yields of the Mukaiyama aldol reaction in water–THF binary solvents catalyzed 
by Eu(OTf)3 or Eu(NO3)3.
55
 They found that the NO3
–
 counteranion led to lower initial 
reaction rates than OTf
–
 until a water percentage of 40% (v/v) was reached (Table 1.2). 
The q measurements were used to interpret the influence of counter ion identity on initial 
reaction rates. The authors suggested that because the NO3
–
 salt has a lower q value than 
the OTf
–
 salt, more counteranions are bound to the Eu
3+
 ion, leading to weaker Lewis 
acidity and, consequently, lower reaction rates until there is enough water to outcompete 
NO3
–
 binding. 
Table 1.2. Eu(OTf)3- and Eu(NO3)3-catalyzed Mukaiyama aldol reactions
55
 
 
% H2O in THF 
(v/v) 
q with 
Eu(OTf)3 
reaction rate 
with Eu(OTf)3 (M s
–1
) 
q with 
Eu(NO3)3 
reaction rate with 
Eu(NO3)3 (M s
–1
) 
1 5.8 0.33 3.2 0.008 
5 8.0 1.0 5.2 0.11 
10 8.3 1.4 6.8 0.33 
15 8.6 1.5 7.2 0.48 
25 8.6 1.45 7.4 1.0 
40 8.5 1.3 7.7 1.3 
      With the knowledge that displacement of inner-sphere water by aldehyde is important 
to efficiency in the Mukaiyama aldol reaction, Allen and co-workers designed six Eu
3+
-
containing complexes with different side arms as well as open sites for water or aldehyde 
binding to enhance the enantioselectivity and diastereoselectivity of product formation 
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(Table 1.3).
56
 The least bulky complexes had larger q values and higher reaction yields 
relative to the bulky complexes. The authors proposed a mechanism based on 
luminescence measurements that explains their observations (Scheme 1.2). Based on q 
values and models, benzaldehyde can only replace one bound water molecule on the top 
position of 1.7 to form 1.8, which is poised to react with silyl enol ether. Furthermore, the 
silyl enol ether can only attack bound benzaldehyde from one direction because of steric 
obstruction from the esters. 
Table 1.3. Eu
3+
-catalyzed Mukaiyama aldol reactions with different ligands
56
 
 
R yield (%) q 
 
syn:anti enantiomeric ratio (syn) 
CH3 85 0.62 26:1 13:1 
C2H5 82 0.40 26:1 12:1 
n-C3H7 
 
83 0.45 32:1 13:1 
n-C4H9 
 
83 0.49 20:1 14:1 
i-Pr 
 
20 0.19 21:1 9:1 
t-Bu 
 
18 0.14 18:1 3:1 
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Scheme 1.2. Proposed transition states in the asymmetric Mukaiyama aldol reaction 
based on Eu
3+ 
luminescence measurements. Benzaldehyde replaces the bound water on 
the top of 1.7 to form 1.8. Activated benzaldehyde is only attacked by the silyl enol ether 
from one direction because of the steric hindrance of the ester group as depicted. 
Redrawn with permission from Mei Y., Dissanayake P., Allen M. J. A new class of 
ligands for aqueous, lanthanide-catalyzed, enantioselective Mukaiyama aldol reactions. J. 
Am. Chem. Soc. 2010;132:12871–3. Copyright 2010 American Chemical Society. 
       In addition to luminescence lifetime measurements, ratiometric measurements have 
been used to study the replacement of inner-sphere water in Tb
3+
-catalyzed reactions. In 
these studies, a highly efficient antenna was used to enhance the luminescence of Tb
3+
 
ions. Evidence of coordination of aldehydes to Tb
3+
 ions during catalysis was reported by 
Li, Duan, and co-workers.
57
 They mixed 4,4’,4″-nitrilotribenzoic acid (TCA) (1.10, 
Figure 1.6) and Tb
3+
 salts to synthesize luminescent lanthanide–organic frameworks 
(Tb
3+–TCA). In Tb3+–TCA, TCA is both an antenna and a luminescent blue-emitter (λ = 
435 nm). TCA chelates Tb
3+
 via its carboxylate groups and sensitizes Tb
3+
 to enhance 
luminescence at 540 nm. Tb
3+–TCA forms suspensions in dichloromethane where it 
emits at 435 and 540 nm after being irradiated at 350 nm. The authors reported that the 
luminescence intensities at 435 and 540 nm both decrease due to a photo-induced energy 
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transfer (PET) mechanism in which energy is transferred from the excited chromophore 
to the quencher. In the PET mechanism, the chromophore harvests light to populate its 
excited state. Instead of transferring the energy to Tb
3+
 ions, the excited chromophore 
transfers energy to the quencher. Consequently, the luminescence of antenna and Tb
3+
 
both decrease. Detailed reviews of the PET mechanism can be found elsewhere.
58,59
 In 
the study by Li, Duan, and co-workers
57
, energy was proposed to be transferred from the 
excited triarylamine to the coordinated aldehyde, resulting in lower excitation efficiency 
of Tb
3+
. Consequently, Tb
3+
-based (I540) and antenna-based (I435) emissions both 
decreased upon the addition of aldehyde
57
. Because the luminescence of the antenna is 
directly quenched by benzaldehyde bound to Tb
3+
, I435 decreased faster than I540; 
consequently, the ratio I540/I435 was proportional to the amount of added aldehyde. 
 
Figure 1.6. Structures of ligands 1.10 and 1.11 used to synthesize Tb
3+–TCA and Tb3+–
PT1 complexes, respectively. 
      Tb
3+–TCA has both Lewis acidic (Tb3+) and Lewis basic (TCA) sites; therefore, it can 
be used to catalyze the reaction of aldehydes with cyanotrimethylsilanes (Scheme 1.3). Li, 
Duan, and co-workers screened four aldehydes and found that 2-nitrobenzaldehyde 
produced a reaction yield of 78%.
57
 Luminescence measurements revealed that when 2-
nitrobenzaldehyde was added to a suspension of Tb
3+–TCA, the ratio I540/I435 was nearly 
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two times higher than the original Tb
3+–TCA. This study suggests that aldehyde 
coordination leads to high levels of conversion and demonstrates that coordination can be 
monitored by ratiometric luminescence measurements. 
 
Scheme 1.3. Tb
3+–TCA-catalyzed reaction of aldehyde with cyanotrimethylsilane. 
      Luminescence emission measurements were also used to study a Tb
3+
-catalyzed 
cyanosilylation reaction.
60
 He and co-workers reported the synthesis of Tb
3+
-containing 
metal–organic octahedra (Tb3+–PT1 or Sm3+–PT1) using tris(pyridine-2-
ylmethylene)benzene-1,3,5-tricarbohydrazide (PT1) (1.11, Figure 1.6) as a ligand and an 
antenna. Each lanthanide ion is coordinated by two equivalents of 1.11 through tridentate 
chelation, and Tb
3+–PT1 exhibits both Tb3+-based emission (525 nm) and ligand-based 
emission (465 nm) when exited at 365 nm. The luminescence of Tb
3+–PT1 at both 465 
and 525 nm was suppressed by nitrobenzaldehyde through a PET mechanism from PT1 
to aldehyde bound to Tb
3+
. The authors suggested that the quenching of luminescence in 
the Tb
3+–PT1 system is caused by the replacement of solvent coordinated to Tb3+ by 
nitrobenzaldehyde. They titrated Tb
3+–PT1 with 4-nitrobenzaldehyde and found that the 
luminescence intensity of Tb
3+–PT1 (525 nm) was inversely proportional to the amount 
of 4-nitrobenzaldehyde as more solvent molecules were replaced. 
      The Tb
3+–PT1-catalyzed cyanosilylation of aldehydes (Table 1.4) depended on the 
size of the aldehyde. When bulky 3-formyl-1-phenylene-3,5-di-tert-butylbenzoate was 
used, the reaction yield was lower than with less bulky aldehydes. To investigate the 
reaction, the authors studied the luminescence of Tb
3+–PT1 (525 nm) upon adding the 
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aldehydes listed in Table 1.4. Upon addition of 2-nitrobenzaldehyde, 3-
nitrobenzaldehyde, and 4-nitrobenzaldehyde, the luminescence of Tb
3+–PT1 (525 nm) 
decreased by 35, 30, and 28%, respectively. Addition of 3-formyl-1-phenylene-(3,5-di-
tert-butylbenzoate) only suppressed the luminescence by 4%, indicating that the bulky 
aldehyde did not efficiently coordinate to Tb
3+
 resulting in low yields (Table 1.4). 
Table 1.4. Tb
3+–PT1-catalyzed reactions of aldehydes with cyanotrimethylsilane.  
 
      In addition to carbon–carbon bond-forming reactions, luminescence lifetime and 
intensity measurements can also be applied to study other lanthanide-catalyzed reactions. 
For example, coordination changes in the lanthanide-catalyzed hydrolysis of RNA have 
been studied.
61
 Morrow and co-workers used phosphate esters as a model for RNA to 
measure the q values of Eu
3+
-based pre-catalysts that catalyze the hydrolysis of RNA. 
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The value of q decreased upon addition of phosphate esters, indicating that replacement 
of water by phosphate esters in RNA is crucial to hydrolysis. 
1.3 Magnetic properties of Ln
3+
 ions 
      In addition to interesting luminescence properties, most Ln
3+
 ions have unpaired 
electrons in their 4f orbitals, making them paramagnetic ions. Consequently, Ln
3+
 ions 
can accelerate the transverse relaxation rates of surrounding nuclei to move chemical 
shifts in NMR spectroscopy. Observations of these shifts are used to determine ligand-
exchange rates and numbers of ligands coordinated to Ln
3+
 ions using NMR spectroscopy. 
Section 1.3 summarizes the current progress of using 
17
O-NMR spectroscopy to study 
ligand-exchange rates and numbers of ligands coordinated to Ln
3+
 ions in solution.   
1.3.1 Use of 
17
O-NMR spectroscopy to study the ligand-exchange rates of Ln
3+
 ions  
      Water is an important ligand for Ln
3+
 ions. Water-exchange rates of Ln
3+
 ions are of 
significance to applications in medical diagnosis and catalysis.
62,63
 A great deal of effort 
has been devoted to measuring water-exchange rates of Ln
3+
 ions. Swift and Connick 
developed an approach to determine the water-exchange rates of metal ions in solution 
using variable-temperature NMR spectroscopy.
64
 This method was used to measure 
water-exchange rates of Ln
3+
 ions using 
14
N-, 
17
O-, and 
1
H-NMR spectroscopy.
65–67 
The 
theory behind these measurements can be found in several articles
65,68
 and in Chapter 2 of 
this thesis. Here, findings of the study of ligand-exchange rates in aqueous and non-
aqueous solutions are summarized.    
      Water-exchange rates of Ln
3+
 aqua ions were measured by Merbach and co-workers 
using variable-temperature NMR spectroscopy.
65
 The water-exchange rates of Ln
3+
 aqua 
ions (Gd
3+
, Dy
3+
, Tb
3+
, Ho
3+
, Er
3+
, Tm
3+
, and Yb
3+
) decrease with respect to decreasing 
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ionic radius (Table 1.5), and this trend was accounted for by invoking the strong 
electrostatic attractions between water molecules and Ln
3+
 ions that have small ionic radii. 
For Eu
2+
 aqua ions, the water-exchange rate is faster than with Ln
3+
 ions.
69
 This 
observation was explained as occurring due to the smaller oxidation state (+2) and higher 
ionic radius of Eu
2+
 relative to Ln
3+
 ions. The resulting charge density produces weaker 
electrostatic attractions between water molecules and Eu
2+
 ions than those found with 
Ln
3+
 ions, which is consistent with the observations for different Ln
3+
 ions. 
Table 1.5. Exchange rates (kex) of solvents for Ln
 
ions at 298 K.
65–67,69–72
 
Ln
3+
 water (10
6
 s
–1
)  Acetonitrile 
(10
6
 s
–1
)  
DMF (10
6
 s
–1
)  DMSO (10
6
 s
–1
)  TMU (s
–1
)
a
 
Eu
2+
 4440 ± 300 1530 ± 202 nr nr Nr 
Nd
3+
 nr 22 ± 6 nr nr Nr 
Gd
3+
 804 ± 60 54.9 ± 14.7 nr 6.2 Nr 
Tb
3+
 496 ± 12 nr 19 ± 1 nr 1380 ± 20 
Dy
3+
 386 ± 9 160 ± 40 6.3 ± 0.3 nr 1290 ± 30 
Ho
3+
 191 ± 3 nr 3.6 ± 0.6 nr 510 ± 20 
Er
3+
 118 ± 2 nr 13 ± 4 nr 214 ± 2 
Tm
3+
 81 ± 2 360 ± 40 31 ± 3 nr 145 ± 1 
Yb
3+
 41 ± 1 nr 99 ± 9 nr 65.5 ± 0.9  
Lu
3+
 nr nr nr nr 41.9 ± 2.7 
a
in CD3CN, nr: not reported  
      In addition to water, the exchange rates of non-aqueous solvents, including 
acetonitrile, dimethylfomaldehyde (DMF), dimethylsulfoxide (DMSO), and 
tetramethylurea (TMU) have been measured using variable-temperature NMR 
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spectroscopy and are listed in Table 1.5.
 66,67, 69–72 
The exchange mechanisms for these 
solvents are proposed to be different. Solvent-exchange processes are divided into four 
mechanisms: associative, interchange associative, interchange dissociative, and 
dissociative mechanisms.
73
 In the associative mechanism, incoming solvent molecules 
coordinate to ions to form unstable transition states that undergo dissociation of a 
coordinated solvent molecule. The association of a solvent molecule is the rate limiting 
step and depends on the energy gap between the stable and transition states. In the 
dissociative mechanism, solvent molecules dissociate from
 
ions to form unstable 
transition states before another solvent molecule coordinates to complete the exchange 
process. The rate limiting step is the dissociation of solvent molecules and also depends 
on the energy gap between the stable and transition states. Interchange associative and 
interchange dissociative mechanisms are between associative and dissociative 
mechanisms.
73
 These mechanisms were invoked in the studies of solvent exchange with 
Ln
3+
 ions. 
      The exchange rate of acetonitrile molecules between those bound to Ln
3+
 ions and 
bulk molecules increased with respect to decreasing ionic radii of Ln
3+
 ions, and this 
observation was explained using a change of exchange mechanism from dissociative to 
associative across Ln
3+
 series. The increasing steric crowding in the first coordination 
sphere of Ln
3+
 ions with smaller ionic radii resulted in stronger repulsion of leaving 
acetonitrile molecules. Consequently, faster exchange rates were observed with smaller 
ions. This trend is consistent with the observation for the Eu
2+
 ion. In addition, a change 
of exchange mechanism occurred between Dy
3+
 and Tm
3+
. Tm
3+ 
was proposed to 
undergo an associative exchange mechanism in acetonitrile, and Dy
3+
 follows a 
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dissociative mechanism.
70
 This change of solvent-exchange mechanism across the Ln
3+
 
series was also suggested to occur in DMF, where the change occurred between Er
3+
 and 
Tm
3+
. The exchange of DMF with Tb
3+
, Dy
3+
, Ho
3+
, and Er
3+
 follows an interchange 
mechanism, while the exchange of DMF with Tm
3+
 and Yb
3+
 follows an dissociative 
mechanism.
71
 For TMU, exchange rates decreased as ionic radii of Ln
3+
 decreased, 
consistent with a strong electrostatic attraction between TMU and small Ln
3+
 ions.
67
  
      The trends of solvent-exchange rates in TMU, DMSO, DMF, acetonitrile, and water 
basically trend with affinity to Ln
3+
 ions according to Gutmann donor numbers of 
solvents [TMU (29.6), DMSO (29.8), DMF (26.6), water (18), and acetonitrile (14.1)].
74
 
This observation is consistent with a sequence reported by  Bünzli: DMSO ˃ DMF ≈ 
water ˃ acetonitrile,75 except for water. Water molecules are stronger donors than 
acetonitrile molecules and are expected to have slower exchange rates relative to 
acetonitrile. However, the exchange rates of acetonitrile (for Gd
3+
 and Dy
3+
) are slower 
than the Ln
3+ 
aqua ions. Helm and co-workers attributed this inverse trend to the change 
of solvent-exchange mechanism of Ln
3+
 in acetonitrile relative to Ln
3+ 
aqua ions.
70 
 
      The paramagnetic properties of Ln
3+
 ions have been used to measure and show 
further potential to measure ligand-exchange rates in different solvents. In addition, the 
paramagnetic properties of Ln
3+
 ions can be used to measure the number of coordinated 
ligands in solution.
33
 
1.3.2 Use of 
17
O-NMR spectroscopy to study the numbers of ligands coordinated to 
Ln
3+
 ions  
      The number of ligands coordinated to Ln
3+
 ions is important to the properties of the 
ions. Ln
3+
-induced 
17
O-NMR spectroscopy can be used to determine the number of 
31 
 
 
 
hydroxyl-containing ligands coordinated to Ln
3+
 ions in solution. The theory and 
experimental methods to study the number of hydroxyl groups coordinated to Ln
3+
 ions 
are mainly based on contributions of Peters and co-workers.
33,76
  
   The observed shifts (δobs) of 
17
O-NMR peaks in the presence and absence of 
paramagnetic Ln
3+
 ions can be expressed by eq 1.12, where δx is the change of bulk 
magnetic susceptibility (BMS) resulting from the paramagnetic Ln
3+
 ions, q1 is the 
number of hydroxyl groups coordinated to Ln
3+
 ions, Pm represents the molar ratio of 
Ln
3+ 
to hydroxyl groups in solution, and δm stands for the chemical shift of a Ln
3+
-bound 
oxygen nuclei. The term δx can be resolved by three methods: vanishing with frequency 
locking of the spectrometer; measuring the 
1
H-NMR chemical shifts of free internal 
standard molecules in the presence and absence of Ln
3+
 ions; or calculated using eq 1.13 
after knowing the concentration of Ln
3+
 ions in solution.
77
 In eq 1.13, [Ln] is the 
concentration of Ln
3+
 ions, s depends on the shape of the sample and its position in the 
magnetic field (s = 1/3 for a cylinder parallel to the main magnetic field; –1/6 for a 
cylinder perpendicular to the main magnetic field; and 0 for a sphere.),
77
 μeff is the 
effective magnetic moment of the lanthanide ion, and T is temperature in kelvin.
33
 
                                                                      1.12 
    
       
 
 
    
    
 
 
                                                         1.13 
      The term δm consists of three contributions (eq 1.14): the diamagnetic contribution 
(δdia), the pseudocontact contribution (δpc), and the contact contribution (δcon).  Among 
Ln
3+
 ions, Dy
3+
 simplifies 
17
O-NMR studies because contact shifts from Dy
3+
 contribute 
more than 85% of the total chemical shift allowing the other components to be 
neglected.
33
 Therefore, the main contribution of δm is from the contact contribution that is 
32 
 
 
 
expressed by eq 1.15, where      is the projection of the total electron spin magnetization 
of Dy
3+
 ion in the direction of the external magnetic field and is considered to depend on 
the identity of Ln
3+
 but not the coordination environment. F is a term that depends on the 
hyperfine coupling constant of an oxygen nucleus to a Dy
3+
 ion that usually does not 
change. Therefore, F can be expressed by eq 1.16.
33  
 
                                                                            1.14 
                                                                                  1.15 
   
–         
 
                                                                         1.16   
      By taking 
17
O-NMR measurements of solutions with and without Dy
3+
 ions and 
combing eq’s 1.12–1.16, Peters and co-workers determined the number of water, 
methanol, and 2-propanol molecules coordinated to Dy
3+
 ions in solution (Table 1.6).
76
 
The number of solvent molecules coordinated to Dy
3+
 ions decreased from 8 to 6.2 ± 0.4 
as the solvent changed from water to methanol. Additionally, when larger 2-propanol was 
used, the average number of 2-propanol molecules bond to Dy
3+
 further decreased to 3.1 
± 0.2. Peters and co-workers suggested that size of solvent has an impact on the number 
of solvent molecules coordinated to Dy
3+
 in solution.
76 
 
Table 1.6. Number of solvent molecules coordinated to Dy
3+
 in solution.
76 
 
water  methanol  2-propanol 
8 6.2 ± 0.4 3.1 ± 0.2 
1.4 Summary 
       The unique luminescence and magnetic properties of lanthanide ions enable their 
coordination environments to be studied. The development of equations to calculate 
water-coordination numbers based on luminescence lifetime measurements has been 
useful in the study of the mechanisms of Eu
3+
-catalyzed carbon–carbon bond-forming 
33 
 
 
 
reactions, and the techniques summarized in this document potentially can be used to 
enable the study of other lanthanide-catalyzed reactions. In addition, 
17
O-NMR 
spectroscopy has been used to study the solvent-exchange rates and coordination 
numbers of hydroxyl-based solvents to Ln
3+
 ions. Luminescence and 
17
O-NMR 
spectroscopy show important potential applications in the study of the coordination 
chemistry of Ln
3+
 ions in other systems.   
1.5 Focus and layout of this thesis 
      The research in this thesis is focused on applying luminescence and 
17
O-NMR 
spectroscopy to study the coordination chemistry of Ln
3+
 ions in new systems to expand 
the scope of using these two techniques in lanthanide chemistry. In Chapter 2, the use of 
17
O-NMR spectroscopy to determine the number of non-hydroxyl oxygen-based ligands 
bound to Dy
3+ 
is detailed. In Chapter 3, a combination of luminescence and 
17
O-NMR 
spectroscopy is described to study the water-coordination number and water-exchange 
rates of Ln
3+
 ions in two room temperature ionic liquids. Finally, Chapter 4 summarizes 
the findings and suggests future directions for this research.   
1.6 References 
(1) Chen, B.; Wang, L.; Zapata, F.; Qian, G.; Lobkovsky, E. B. J. Am. Chem. Soc. 
2008, 130, 6718–6719. 
(2) Thibon, A.; Pierre, V. C. J. Am. Chem. Soc. 2008, 131, 434–435. 
(3) Tu, D.; Liu, L.; Ju, Q.; Liu, Y.; Zhu, H.; Li, R.; Chen, X. Angew. Chem. Int. Ed. 
2011, 50, 6306–6310. 
(4) Garcia, J.; Neelavalli, J.; Haacke, E. M.; Allen M. J. Chem. Commun. 2011, 47, 
12858–12860. 
34 
 
 
 
(5) Kuriki, K.; Koike, Y.; Okamoto, Y. Chem. Rev. 2002, 102, 2347–2356. 
(6) Parker, D. Coord. Chem. Rev. 2000, 205, 109–130. 
(7)   n li, J-C. G. Chem. Rev. 2010, 110, 2729–2755. 
(8) Bettencourt-Dias, A. D. Dalton Trans. 2007, 2229–2241. 
(9) Binnemans, K. Chem. Rev. 2007, 107, 2592–2614. 
(10) Kobayashi, S.; Hachiya, I. Tetrahedron Lett. 1992, 33, 1625–1628. 
(11) Kobayashi, S.; Hachiya, I. J. Org. Chem. 1994, 59, 3590–3596. 
(12) Yu, L.; Ramirez, J.; Chen, D.; Wang, P. J. Org. Chem. 1997, 62, 903–907. 
(13) Kobayashi, S.; Hamada, T.; Nagayama, S.; Manabe, K. Org. Lett. 2001, 3, 165– 
167.  
(14) Chen, R.; Qian, C. Synth. Commun. 2002, 32, 2543–2548. 
(15) Arimitsu, S.; Hammond, G. B. J. Org. Chem. 2006, 71, 8665–8668. 
(16) Mei, Y.; Averill, D. J.; Allen M. J. J. Org. Chem. 2012, 77, 5624–5632. 
(17) Wang, T.; Pagán-Torres, Y. J.; Combs, E. J.; Dumesic, J. A.; Shanks, B. H. Top. 
Catal. 2012, 55, 657–662. 
(18) Kobayashi, S.; Manabe, K. Acc. Chem. Res. 2002, 35, 209–217. 
(19) Shibasaki, M.; Yoshikawa, N. Chem. Rev. 2002, 102, 2187–2209. 
(20) Bünzli, J-C. G.; Eliseeva, S. V. Berlin, Springer velga, 2011; pp 1–45. 
(21) Laporte, O.; Meggers, W. F. Journal of the Optical Society of America and 
Review of Scientific Instruments. 1925, 11, 459–460. 
(22) Petoud, S.; Cohen, S. M.; Bünzli, J-C. G.; Raymond, K. N. J. Am. Chem. Soc. 
2003, 125, 13324–13325. 
35 
 
 
 
(23) Werts, M. H.; Jukes, R. T.; Verhoeven, J. W. Phys. Chem. Chem. Phys. 2002, 4, 
1542–1548. 
(24) Richardson, F. S. Chem. Rev. 1982, 82, 541–552. 
(25) Caravan, P.; Ellison, J. J.; Mcmurry, T. J.; Lauffer, R. B. Chem. Rev. 1999, 99, 
2293–2352. 
(26) Hatanaka, M.; Morokuma, K. J. Am. Chem. Soc. 2013, 135, 13972–13979. 
(27) Habenschuss, A.; Spedding, F. H. J. Chem. Phys. 1979, 70, 3758–3763. 
(28) Habenschuss, A.; Spedding, F. H. J. Chem. Phys. 1979, 70, 2797–2806. 
(29) Habenschuss, A.; Spedding, F. H. J. Chem. Phys. 1980, 73, 442–450. 
(30) Johansson, G.; Wakita, H. Inorg. Chem. 1985, 24, 3047–3052. 
(31) Narten, A.; Hahn, R. J. Chem. Phys. 1983, 87, 3193–3197. 
(32) Yamaguchi, T.; Nomura, M.; Wakita, H.; Ohtaki, H. J. Chem. Phys. 1988, 89, 
5153–5159. 
(33) Djanashvili, K.; Peters, J. A. Contrast Media Mol. Imaging 2007, 2, 67–71. 
(34) Djanashvili, K.; Platas-Iglesias C.; Peters, J. A. Dalton Trans. 2008, 602–607. 
(35) Kropp, J. L.; Windsor, M. W. J. Chem. Phys. 1963, 39, 2769–2770. 
(36) Kropp, J. L.; Windsor, M. W. J. Chem. Phys. 1965, 42, 1599–1608. 
(37) Horrocks, Jr. W. D.; Sudnick, D. R. J. Am. Chem. Soc. 1979, 101, 334–340. 
(38) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, D.; Royle, L.; de 
Sousa, A. S.; Williams, J. A. G.; Woods, M. J. Chem. Soc. Perkin Trans. 2 1999, 
493–504. 
(39) Supkowski, R. M.; Horrocks, Jr. W. D. Inorg. Chim. Acta. 2002, 340, 44–48. 
(40) Kimura, T.; Kato, Y. J. Alloys Compd. 1995, 225, 284–287. 
36 
 
 
 
(41) Kimura, T.; Kato, Y. J. Alloys Compd. 1998, 271, 867–871. 
(42) Barthelemy, P. P.; Choppin, G. R. Inorg. Chem. 1989, 28, 3354–3357. 
(43) Tanaka, F.; Kawasaki, Y.; Yamashita, S. J. Chem. Soc. Faraday Trans. 1 1988, 
84, 1083–1090. 
(44) Kimura, T.; Nagaishi, R.; Kato, Y.; Yoshida, Z. J. Alloys Compd. 2001, 323, 164–
168. 
(45) Dissanayake, P. Mei, Y.; Allen, M. J. ACS Catal. 2011, 1, 1203–1212. 
(46) http://chem.wayne.edu/allengroup/teaching.html 
(47) Chen, D.; Yu, L.; Wang, P. G. Tetrahedron Lett. 1996, 37, 4467–4470. 
(48) Yu, L.; Chen, D.; Wang, P. G. Tetrahedron Lett. 1996, 37, 2169–2172. 
(49) Kobayashi, S.; Hachiya, I.; Takahori, T.; Araki, M.; Ishitani, H. Tetrahedron Lett. 
1992, 33, 6815–6818. 
(50) Kobayashi, S. Chem. Lett. 1991, 20, 2187–2190. 
(51) Kobayashi, S.; Ishitani, H. J. Am. Chem. Soc. 1994, 116, 4083–4084. 
(52) Schaus, S. E.; Jacobsen, E. N. Org. Lett. 2000, 2, 1001–1004. 
(53) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett. 1973, 1011–1014. 
(54) Dissanayake, P.; Allen, M. J. J. Am. Chem. Soc. 2009, 131, 6342–6343. 
(55) Averill, D. J.; Dissanayake, P.; Allen, M. J. Molecules 2012, 17, 2073–2081. 
(56) Mei, Y.; Dissanayake, P.; Allen, M. J. J. Am. Chem. Soc. 2010, 132, 12871–
12873. 
(57) Wu, P.; Wang, J.; Li, Y.; He, C.; Xie, Z.; Duan, C. Adv. Funct. Mater. 2011, 21, 
2788–2794. 
(58) Ward, M. D. Chem. Soc. Rev. 1997, 26, 365–375. 
37 
 
 
 
(59) Ziessel, R. F. J. Chem. Educ. 1997, 74, 673–679. 
(60) Wu, X.; Lin, Z.; He, C.; Duan, C. New J. Chem. 2012, 36, 161–167. 
(61) New, K.; Andolina, C. M.; Morrow, J. R. J. Am. Chem. Soc. 2008, 130, 14861–
14871. 
(62) Siriwardena-Mahanama, B. N.; Allen, M. J. Molecules 2013, 18, 9352–9381. 
(63) Kobayashi, S.; Nagayama, S.; Busujima, T. J. Am. Chem. Soc. 1998, 120, 8287–
8288. 
(64) Swift, T. J.; Connick, R. E. J. Chem. Phys. 1962, 37, 307–320. 
(65) Cossy, C.; Helm, L.; Merbach, A. E. Inorg. Chem. 1988, 27, 1973–1979. 
(66) Bodizs, G.; Helm, L. Inorg. Chem. 2012, 51, 5881–5888. 
(67) Lincoln, S. F.; White, A. Inorg. Chim. Acta 1990, 168, 265–270. 
(68) Micskei, K.; Helm, L.; Brucher, E.; Merbach, A. E. Inorg. Chem. 1993, 32, 3844–  
3850. 
(69) Caravan, P.; Tóth, É.; Rockenbauer, A.; Merbach, A. E. J. Am. Chem. Soc. 1999, 
121, 10403–10409. 
(70) Bodizs, G.; Helm, L. Inorg. Chem. 2015, 54, 1974–1982. 
(71) Pisaniello, D.; Helm, L.; Meier, P.; Merbach, A. J. Am. Chem. Soc. 1983, 105, 
4528–4536. 
(72) Dessapt, R.; Helm, L.; Merbach, A. E. J. Phys.: Condens. Matter 2004, 16, 1027–
1032. 
(73) Helm, L.; Merbach, A. E. Chem. Rev. 2005, 105, 1923–1960. 
(74) Gutmann, V. Electrochimi. Acta 1976, 21, 661–670. 
(75) Bünzli, J.-C. G.; Vuckovic, M. M. Inorg. Chim. Acta 1983, 73, 53–61. 
38 
 
 
 
(76) van Loon, A. M.; van Bekkum, H.; Peters, J. A. Inorg. Chem. 1999, 38, 3080– 
3084. 
(77)    Corsi, D. M.; Platas-Iglesias, C.; Bekkum, H. v.; Peters, J. A. Magn. Reson. Chem. 
2001, 39, 723–726. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
39 
 
 
 
CHPATER 2. Water-exchange rate of lanthanide ions in ionic liquids studied by 
17
O-NMR spectroscopy 
Portions of this chapter have been reproduced by permission of The Royal Society of 
Chemistry from Lin Z.; Shelby M. L.; Hayes D.; Fransted K. A.; Chen L. X.;  Allen M. J. 
Dalton Trans. 2014, 43, 16156–16159. 
http://pubs.rsc.org/en/content/articlehtml/2014/dt/c4dt02492c   
2.1 Introduction 
      Room temperature ionic liquids have the potential to impact catalysis,
1–5
 energy 
storage,
6–7
 organic synthesis,
8
 separation science,
9,10
 and chemical sensing.
11–14
 These 
liquids influence the properties of solutes, and the lanthanides are an important set of 
solutes because of their luminescence,
15–18
 catalytic,
19–26
 and magnetic properties.
27–33
 
These properties are influenced by coordination chemistry that is often unique in ionic 
liquids relative to molecular solvents.
15,16,19,27
 Consequently, it is important to study the 
coordination chemistry of lanthanide ions in ionic liquids, including ligand-exchange 
rates that are crucial to catalysis.
34
 The coordination environments of lanthanide ions in 
ionic liquids have been reported;
35,36
 however, the ligand-exchange rates of lanthanide 
ions in ionic liquids have not been reported. Because that 
17
O-NMR spectroscopy has 
been used to determine water-exchange rates of metal ions in aqueous and organic 
solvents,
37–41 
This technique is an excellent choice to study the ligand-exchange rates of 
lanthanide ions in ionic liquids. One application where exchange rates are particularly 
relevant is in lanthanide catalysis. Therefore, ionic liquid used in catalysis—1-ethyl-3-
methylpyridinium ethyl sulfate, 1-butyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-
3-methylimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium 
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trifluoromethanesulfonates (EMIOTf), and 1-ethyl-3-methylimidazolium ethyl sulfate 
(EMIES)—were chosen as the room temperature ionic liquids for the studies in this 
thesis.
42–44
 Water is known to bind to lanthanide ions and is a common impurity in room 
temperature ionic liquids;
36,45,46
  Furthermore, water was selected as a candidate ligand 
for this study.  Due to the hydrolysis of 1-butyl-3-methylimidazolium tetrafluoroborate 
and 1-ethyl-3-methylimidazolium tetrafluoroborate as well as the lack of binding of water 
molecules to lanthanide ions in water/1-ethyl-3-methylpyridinium ethyl sulfate (1/19, 
v/v), attempts to measure the water-exchange rates of lanthanide ions were only perused 
in EMIES and EMIOTf.  
2.2 Study of the number of water molecules coordinated to Eu
3+
 and Tb
3+
 in EMIES 
using luminescence-decay measurements    
      To determine the water-exchange rates of lanthanide ions, it is necessary to know the 
average number of water molecules coordinated to the lanthanide ions in EMIES. The 
number of water molecules coordinated to lanthanide ions can be determined by 
measuring the luminescence-decay rates of Eu(OTf)3 and Tb(OTf)3 in solution as 
described in Chapter 1. The luminescence-decay measurements of Eu(OTf)3 in 
H2O/EMIES (1:19, v/v) and D2O/EMIES (1:19, v/v) were performed separately to 
calculate the average water-coordination number to be 1.6. This number is consistent 
with the coordination number calculated from luminescence-decay measurements of 
Tb(OTf)3 in H2O/EMIES (1:19, v/v) and D2O/EMIES (1:19, v/v). Because all lanthanide 
ions in the same solvent tend to differ in coordination number by at most one, with 
smaller differences for lanthanides that are adjacent to each other in atomic number, most 
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trivalent lanthanide ions was expect to have nearly the same water-coordination numbers 
in water/EMIES (1:19, v/v) as Eu
3+
 and Tb
3+
 in ionic liquids. 
2.3 Study of the water-exchange rates of lanthanide ions in EMIES using variable-
temperature 
17
O-NMR spectroscopy 
      Because water coordinates to lanthanide ions in EMIES, variable-temperature 
17
O-
NMR spectroscopy was used to determine water-exchange rates in EMIES. The water-
exchange rate (kex) between bound and bulk water in EMIES was determined from the 
residency lifetime of the bound water (kex = lifetime
–1
). The residency lifetime of water 
was probed by measuring the transverse relaxation rates of water in the presence of 
lanthanide ions as a function of temperature (see 2.4 Experimental procedures for 
experimental details). The water-exchange rates of Gd(OTf)3, Tb(OTf)3, Dy(OTf)3, 
Ho(OTf)3, and Er(OTf)3 in water/EMIES (1:19, v/v) were measured. Attempts to measure 
the water-exchange rates for other lanthanide ions were not successful because of small 
and irregular differences between the line widths of the bulk water peaks at half height 
for the other lanthanide ions and the diamagnetic reference. The inability to measure the 
other ions is consistent with measurements in water.
47
 The mean water-exchange rates of 
the studied lanthanide ions in water/EMIES (1:19, v/v) at 298.15 K were plotted versus 
the charge density of the lanthanide ions (Figure 2.1a). The water-exchange rates of the 
ions increased as a function of charge density with exception of the terbium ion. 
Interestingly, the trend of water-exchange rates in EMIES is the opposite of the trend in 
water (Figure 2.1b).
47,48
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Figure 2.1. (a) Water-exchange rates of lanthanide ions in H2O/EMIES (1:19, v/v) at 
298.15 K as a function of charge density. Solid dots represent the means of three or four 
independently prepared measurements. Error bars represent standard errors of the means 
(error bars for Gd
3+
 are smaller than the dot). The solid line is the linear fitting of the 
water-exchange rates of Gd
3+
, Dy
3+
, Ho
3+
, and Er
3+
. The dashed line is a guide for the 
eyes to connect the points for Tb
3+
 and Tb
4+
. The intersection of the solid and dashed line 
is the estimated average charge density of the Tb species in EMIES. (b) Water-exchange 
rate of lanthanide ions in water at 298.15 K as a function of charge density.
47,48
 
      For lanthanide aquo ions, the decreasing of water-exchange rates with respect to 
increasing charge density can be accounted for by electrostatics, sterics, or a combination 
of these two factors:
47
 First, because the water exchange of lanthanide aquo ions is 
associative, association of water to the lanthanide ions is the rate limiting step. As the 
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charge densities increase from Gd
3+
 to Er
3+
, the attractions between water molecules and 
lanthanide ions increase, resulting in fast water-exchange. Second, the steric crowding of 
the smaller lanthanide aquo ions tends to hinder the water molecules from coordinating to 
the lanthanide ions, resulting in slower exchange rates. The steric effects outweigh the 
electrostatic effects in water. 
      In contrast to aqueous solution, the water-exchange rates of lanthanide ions in EMIES 
increase as a function of increasing charge density. This trend is likely caused by 
increased steric crowding in EMIES of lanthanide complexes that have higher charge 
densities compared to lanthanide complexes with lower charge densities. The increasing 
steric crowding from Gd
3+
 to Er
3+
 in EMIES is illustrated in Figure 2.2. Based on 
luminescence-decay measurements, the average water-coordination number of lanthanide 
ions in water/EMIES (1:19, v/v) is 1.6; therefore, the remaining coordination sites were 
assigned to ethyl sulfate or triflate. Because the charge density of Gd
3+
 is smaller than 
that of Er
3+
, ethyl sulfate tends to bind less tightly to Gd
3+
 than Er
3+
. As a consequence, 
ethyl sulfate likely forms less compact structures with Gd
3+
 than Er
3+
, with the other 
lanthanide ions falling between these two extremes.
 
This hypothesis is consistent with the 
report of lanthanide ions with high charge densities forming compact structures in 
imidazolium-based ionic liquids.
50
 For the relatively compact Er
3+
 complex, the steric 
crowding of the complex could hinder water binding and cause a fast water-exchange rate. 
These observations suggest a dissociative exchange mechanism, but variable pressure 
experiments would be needed in the future to confirm an exact mechanism of exchange. 
An alternative explanation for this observation is that the smaller cations have more well-
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ordered water in their second sphere than the larger cations, leading to faster exchange as 
observed in aqueous solution with variations in anions.
51
 
 
Figure 2.2. Cartoon representation of the proposed inner-sphere environments of Gd
3+
 
and Er
3+ 
in H2O/EMIES, where n represents for the number of anions (ethyl sulfate or 
triflate) minus three in the inner-sphere of Ln
3+
. These are simplified depictions for 
illustration: for example, ethyl sulfate can also bind to lanthanide ions in a monodentate 
fashion,
52
 and other species (such as triflate) might be bound. 
      Notably, the water-exchange rate of Tb(OTf)3 in water/EMIES (1:19, v/v) was 
unexpectedly higher than the other lanthanide triflates and did not follow the trend based 
on the charge density of Tb
3+
. This observation led to the consideration of  the possible 
presence of Tb
4+
, which is smaller than any Ln
3+
 ion and relatively stable.
53
 Collaborators 
in Chen’s group at Argonne National Laboratory measured the L3-edge using X-ray 
absorption near-edge structure (XANES) spectroscopy of Tb(OTf)3 in water/EMIES 
(1:19, v/v) (Figure 2.3). In the normalized L3-edge XANES spectra, the small peak 
around 7533 eV, which is associated with the Tb
4+
 oxidation state, indicated the presence 
of Tb
4+
. The Tb
4+
 in water/EMIES was likely from the original Tb(OTf)3 starting material, 
for which the presence of this XANES feature also indicates the presence of Tb
4+
 (Figure 
2.3). The percentage of Tb
4+
 in Tb(OTf)3 in the water/EMIES (1:19, v/v) was estimated 
to be less than 33% based on the linear fitting of water-exchange rate versus charge 
density (the average charge density of Tb was estimated to be the intersection of the solid 
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and dashed line in Figure 2.1a). The stability of a small amount of Tb
4+
 in ionic liquids, 
relative to aqueous solution where Tb
4+
 is relatively unstable, can be rationalized by the 
presence of excess counter anions in the ionic liquid that have a strong electron-donating 
ability to stabilize Tb
4+
. However, the amount of Tb
4+
 estimated from Figure 2.1a is 
likely an overestimation based on the intensity of the peak in Figure 2.3. Furthermore, 
because Tb
4+
 might not follow the same linear trend as the trivalent ions, a small amount 
of this ion (suggested by XANES) could be responsible for a large increase in average 
exchange rate.  
 
Figure 2.3. Normalized (edge step set to 1) L3-edge XANES spectra of solid Tb(OTf)3 
(—), solid Tb4O7 (– –), and Tb(OTf)3 in water/EMIES (1:19, v/v) (···). The features at 
approximately 7533 and 7524 eV are associated with Tb
4+
 and Tb
3+
, respectively. 
2.4 Study of the water-exchange rates of lanthanide ions in EMIOTf using variable-
temperature 
17
O-NMR spectroscopy 
      After determining the water-exchange rates of lanthanide ions in EMIES, it is 
interesting to study how the coordination chemistry of lanthanide ions would change 
upon changing the counter anion of the room temperature ionic liquid. Consequently, the 
coordination chemistry of lanthanide ions in EMIOTf was studied. Luminescence-decay 
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measurements of Eu(OTf)3 and Tb(OTf)3 were used to determine the average water-
coordination number of Eu
3+
 or Tb
3+
 in water/EMIOTf (1:19, v/v) to be 1.0. The trivalent 
ions in this study were expected to have the same water-coordination numbers in 
water/EMIOTf (1:19, v/v) as Eu
3+
 and Tb
3+
.  
      Knowing that water coordinates to lanthanide ions in water/EMIOTf (1:19, v/v), 
variable-temperature 
17
O-NMR spectroscopy was used to determine the water-exchange 
rates in EMIOTf. The water-exchange rate (kex) between bound and bulk water in 
EMIOTf was determined from the residency lifetime of the bound water (kex = lifetime
–1
). 
The residency lifetime of water was probed by measuring the transverse relaxation rates 
of water in the presence of lanthanide ions as a function of temperature (see 2.4 
Experimental procedures for experimental details). The water-exchange rates of 
Gd(OTf)3, Tb(OTf)3, Dy(OTf)3, Ho(OTf)3, and Er(OTf)3 in water/EMIOTf (1:19, v/v) 
were measured. The mean water-exchange rates of the studied lanthanide ions in 
water/EMIOTf (1:19, v/v) at 298.15 K were plotted versus the charge density of 
lanthanide ions (Figure 2.4). The water-exchange rates of the ions increased as a function 
of charge density with exception of the terbium ion. The water-exchange rates of 
lanthanide ions in EMIOTf with EMIES (Table 2.1) were compared. The water-
exchange-rate of each lanthanide ion was 2.5 to 4.4 times faster in EMIOTf than in 
EMIES, likely resulting from the lower viscosity of EMIOTf (42.7 mPa•s–1, 25 C) than 
EMIES (97.58 mPa•s–1, 25 C).43,54 Despite the different water-exchange-rates of each 
lanthanide ion in EMIES and EMIOTf, the trend of water-exchange-rate as a function of 
charge density was the same for both ionic liquids.  
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Figure 2.4. Water-exchange rates of lanthanide ions in H2O/EMIOTf (1:19, v/v) at 
298.15 K as a function of charge density.  
      The unexpected fast water-exchange rate of Tb
3+
 in EMIOTf likely resulted from the 
presence of Tb
4+
 in the solution like with EMIES, because the same terbium source was 
used both for studies. The explanation of the inverse trend of water-exchange rates in 
EMIOTf is also likely the same as with EMIES (Figure 2.5). Based on luminescence-
decay measurements, the average water-coordination number of lanthanide ions in 
water/EMIES (1:19, v/v) is 1.0; therefore, the remaining coordination sites must be 
occupied by triflate anions. Because the charge density of Gd
3+
 is smaller than that of 
Er
3+
, triflate tends to bind less tightly to Gd
3+
 than Er
3+
. As a consequence, triflate likely 
forms less compact structures with Gd
3+
 than Er
3+
, with the other lanthanide ions falling 
between these two extremes.
 
For the relatively compact Er
3+
 complex, the steric crowding 
of the complex could hinder water binding and cause a fast water-exchange rate. An 
alternative explanation for this observation is that the smaller cations have more well-
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ordered water in their second sphere than the larger cations, leading to faster exchange as 
observed in aqueous solution with variations in anions.
51
  
Table 2.1 Water-exchange rates of lanthanide ions in EMIES and EMIOTf 
Ln
3+
 kex in EMIES (10
–8
 s
–1
) kex in EMIOTf (10
–8
 s
–1
) 
Gd
3+
 0.052 ± 0.007 0.13 ± 0.007 
Tb
3+
 0.76 ± 0.2 2.9 ± 0.2 
Dy
3+
 0.32 ± 0.08 1.4 ± 0.04 
Ho
3+
 0.41 ± 0.06 1.5 ± 0.05 
Er
3+
 0.45 ± 0.09 1.9 ± 0.2 
 
 
Figure 2.5. Cartoon representation of the proposed inner-sphere environments of Gd
3+
 
and Er
3+ 
in H2O/EMIOTf, where n represents for the number of coordinated triflate 
anions minus three in the inner-sphere of Ln
3+
.  
 
2.5 Experimental Procedures 
 Inductively coupled plasma optical emission spectroscopy (ICP–OES) measurements 
were performed on a HORIBA Jobin Yvon ULTIMA or PerkinElmer Optima 7000 DV 
spectrometer. Samples for ICP–OES were diluted with nitric acid (2% v/v, aqueous), and 
standards were prepared by serial dilution of commercially available Gd
3+
, Tb
3+
, Dy
3+
, 
Ho
3+
, and Er
3+
 standards.  
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 Luminescence-emission and luminescence-decay measurements of Eu(OTf)3 or 
Tb(OTf)3 in H2O/EMIES (1:19, v/v), H2O/EMIOTf (1:19, v/v),  D2O/EMIES (1:19, v/v), 
and D2O/EMIOTf (1:19, v/v) were acquired using a HORIBA Jobin Yvon Fluoromax-4 
spectrofluorometer. For luminescence-decay measurements of Eu(OTf)3, the following 
parameters were used: excitation wavelength (395 nm), emission wavelength (591 nm), 
excitation and emission slit widths (5 nm), flash count (100), initial delay (0.001 ms), 
maximum delay (1 ms), and delay increment (0.02 ms). For luminescence-decay 
measurements of Tb(OTf)3, the following parameters were used: excitation wavelength 
(487 nm), emission wavelengths (544 nm), excitation and emission slit widths (5 nm), 
flash count (100), initial delay (0.001 ms), maximum delay (2 ms), and delay increment 
(0.02 ms). The luminescence-decay rate data are listed in Table 2.2. The number of 
coordinated water molecules was determined using the method reported by Horrocks and 
coworkers.
55,56
  
Table 2.2 Luminescence-decay rate data 
 rate for Eu(OTf)3 (ms
–1
) rate for Tb(OTf)3 (ms
–1
) 
H2O/EMIES (1:19, v/v) 2.38 ± 0.02 0.790 ± 0.006 
D2O/EMIES (1:19, v/v) 0.599 ± 0.006 0.401 ± 0.002 
H2O/EMIOTf (1:19, v/v) 1.82 ± 0.01 0.658 ± 0.002 
D2O/EMIOTf (1:19, v/v) 0.69 ± 0.01 0.412 ± 0.002 
      Variable-temperature 
17
O-NMR measurements of lanthanide triflates [Gd(OTf)3, 
Tb(OTf)3, Dy(OTf)3, Ho(OTf)3, and Er(OTf)3] and their diamagnetic reference [Y(OTf)3] 
were performed in water/ionic liquid (EMIES or EMIOTf) using a Varian-500S (67.78 
MHz)  spectrometer in the Lumingen Instrumentation Center at Wayne State University. 
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Here, Gd(OTf)3 is described as an example to demonstrate variable-temperature 
17
O-
NMR measurements. Briefly, Gd(OTf)3 (3.0 mg) or Y(OTf)3 (1.9 mg) was dissolved in 
H2O/EMIES ( 1:19, v/v,  1 mL) and filled the annular space of the NMR tube with 
solution. To this NMR tube, an insert NMR tube filled with deuterated methanol as a 
locking solvent was added (Figure 2.6). [Y(OTf)3] was used as diamagnetic reference in 
this study due to its similar ionic radius to the lanthanide ions studied, and 
17
O-labled 
water (10% or 35–40% enrichment) was used in all of the 17O-NMR measurements to 
improve the signal-to-noise ratios of the 
17
O-NMR spectra.  In the variable-temperature 
17
O-NMR measurements, the line widths of the bulk water peak at half height in the 
presence of Gd(OTf)3 (    
    ) and the diamagnetic reference [Y(OTf)3] (    
   ) were 
measured from 15 to 70 ºC  in increments of 5 or 10 ºC. The measured line widths of 
Gd(OTf)3 and Y(OTf)3 were then fit in eq 2.1 using Origin software (8.0951 B951) 
following a previously published procedure to solve the for water-exchange rates.
38
 These 
measurements are repeated at least three times with independent prepared samples for 
EMIES. The measured line widths of other Ln(OTf)3 salts and their diamagnetic 
references [all used Y(OTf)3] were also fit. Representive data for one trial of Gd
3+
 is 
provided in Table 2.3, Figure 2.7, and Table 2.4. The data for the other trials of Gd
3+
 
and other lanthanides are providing an appendix to this thesis.   
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In eq 2.1,      
     is the line width of the bulk water peak at half height in the presence of 
paramagnetic lanthanide ions, while (    
   )  is the line width of the bulk water peak at 
half height in the presence diamagnetic reference [Y(OTf)3]; q is the water-coordination 
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number of lanthanide in ionic liquid and was set to 1.6 for H2O/EMIES (1:19, v/v) or 1.0 
for H2O/EMIOTf (1:19, v/v); [H2O] and [Ln] are the concentrations of water and 
lanthanide ions, respectively; T2m is the transverse relaxation time of bound water in the 
paramagnetic sample; and    
     is the exchange-rate of water at 298 K; S is the electron 
spin quantum number of Ln
3+
 (listed in Table 2.5) ; 
A
 is the hyperfine coupling constant 
between the Ln
3+
 ion and the oxygen nucleus, and these values were adopted from 
previous reported values (Table 2.5);
20
 2981eT  is the electron relaxation time at 298 K; 1eTE
is the entropy during the exchange process and was fixed to 2.5 × 10
–11
 J/mol as reported 
value; 
47
 T is the absolute temperature; R is the ideal gas constant; and H is the enthalpy 
associated with the exchange process.    
 
Figure 2.6. Schematic of the NMR tube used in the variable-temperature 
17
O-NMR 
measurements.  
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Table 2.3. 
17
O-NMR Data and fitting results of Gd(OTf)3 in H2O/EMIES_Trial 1 
Temperature (ºC) Linewidth at half height (Hz) 
 Gd
3+
 Y
3+
 
15 4128 2410 
20 4165 1964 
30 3948 1433 
40 3336 1009 
50 2740 740 
60 2070 546 
70 1434 432 
 
  
 
 
 
Figure 2.7. Fitting plot of Gd(OTf)3 in H2O/EMIES_Trial 1 
 
 
Temperature (K) K) 
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Table 2.4. Fitting results of Gd(OTf)3 in H2O/EMIES_Trial 1 
Parameters Value Standard Error 
   
    (s) 4.3 × 10
–7
 8 × 10
–8
 
1/   
   (s) 1.7 × 10
–7
 7 × 10
–9
 
   (KJ/mol) 3.5 × 104 2 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Gd] (M)  3.5 × 10
–3
 0 
 
Table 2.5 S and A/ħ for different lanthanide ions47 
Ln
3+
 S A/ħ (10–6 rad/s) 
Gd
3+
 3 –3.80 
Tb
3+
 2.5 –3.89 
Dy
3+
 2 –3.74 
Ho
3+
 1.5 –3.77 
Er
3+
 1 –4.17 
2.6 Conclusions 
      The water-exchange rates of lanthanide ions in water/EMIES (1:19, v/v) and 
water/EMIOTf (1:19, v/v) were measured using 
17
O-NMR spectroscopy. The water-
exchange rates of the studied lanthanide ions in both ionic liquids show an inverse trend 
in exchange rate versus charge density relative to lanthanide aquo ions. The unexpectedly 
high water-exchange rate of Tb(OTf)3 in water/EMIES and water/EMIOTf was likely 
caused by the presence of Tb
4+
, which was confirmed by L3-edge XANES spectra of 
Tb(OTf)3. This study suggests that water-exchange rates of lanthanide ions can be 
manipulated by the solvent to the point of reversing trends in exchange rate. This 
tunability of ligand-exchange rates with respect to solvent is expected to be useful in the 
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selection of ionic liquids for catalysis, separation of lanthanide ions, and other 
applications. As an analytical technique, 
17
O-NMR spectroscopy was used for the first 
time to measure the ligand-exchange rates of lanthanide ions in ionic liquids. This 
technique is capable of being used to study water-exchange rates of multiple lanthanide 
ions including Gd
3+
, Tb
3+
, Dy
3+
, Ho
3+
, and Er
3+
 in different ionic liquids. Nevertheless, 
17
O-NMR measurements require that lanthanide ions broaden the linewidth of bulk water 
more than the paramagnetic reference, limiting the use of this technique to study 
lanthanide ions with relatively week magnetic properties. However, because the 
lanthanides show many similar coordination chemistry properties, the ability to measure 
rates for five of these ions makes the technique useful.  
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CHAPTER 3. 
17
O-NMR spectroscopy to study the coordination of oxygen-based 
ligands to lanthanide ions in solution 
Portions of this chapter have been submitted for publication in a peer-reviewed journal. 
3.1 Introduction 
      Lanthanide complexes prepared using ligands with oxygen-donors have applications 
in sensing and imaging,
1–8
 catalysis,
9–11
 separations,
12
 and information storage.
13
 The 
usefulness of lanthanide complexes in these applications often depends on the 
coordination environments of the complexes, including the number of coordinated 
ligands. Consequently, the number of oxygen-containing ligands coordinated to 
lanthanide ions in solution has been studied using a variety of techniques including X-ray 
diffraction spectroscopy,
14
 neutron diffraction spectroscopy,
15
 extended X-ray absorption 
spectroscopy,
16,17
 Fourier transform-IR spectroscopy,
18
 Raman spectroscopy,
19
 
17
O-NMR 
spectroscopy,
20
 and luminesce spectroscopy.
21–23
 The majority of these techniques are 
used to study hydroxyl-based donors, but relatively few studies have been reported that 
focus on the coordination numbers of non-hydroxyl-based ligands.
18,19
 This chapter 
describes the use of 
17
O-NMR spectroscopy to study the number of non-hydroxyl 
oxygen-donors coordinated to Ln
3+
 ions in solution. 
      Ln
3+
-induced 17O-NMR chemical shift is an important aid in studies of oxygen 
nuclei coordinated to lanthanide ions in solution.
20
 The observed changes in chemical 
shift resulting from the interactions of the nuclei of coordinated oxygen with Ln
3+
 ions 
occur due to diamagnetic, pseudocontact, and contact interactions. Of the Ln
3+
 ions, the 
selection of Dy
3+
 simplifies 
17
O-NMR studies because contact shifts from Dy
3+
 contribute 
more than 85% of the total chemical shift allowing the other components to be 
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neglected.
20
 For example, Dy
3+
-induced 
17
O-NMR shifts were used to measure the 
average number of bound water molecules and calculate the number of carbonate-based 
ligands bound to Dy
3+
 by subtracting the water-coordination number from the total 
number of coordination sites (assumed to be 9).
24
 However, to avoid the need to estimate 
total coordination numbers, it is desirable to directly measure the number of oxygen-
based ligands bound to Dy
3+
 ions. 
      The premise of the research described in this chapter is that 
17
O-NMR spectroscopy 
can be used to determine the coordination number of non-hydroxyl oxygen-based ligands 
to Dy
3+
 ions in solution based on reports of the use of 
17
O-NMR spectroscopy to 
determine the number of alcohol and water molecules bound to lanthanide ions in 
solution using lanthanide-induced chemical shifts.
20,25
 Therefore, oxygen-containing 
functional groups were explored that are found commonly in ligands that coordinate to 
lanthanide ions, including ketones, esters, ethers, amides, sulfonyls, phosphine oxides, 
and aldehydes (Figure 3.1). Solvents were studied that contain these functional groups as 
monodentate ligands. 
 
Figure 3.1. Non-hydroxyl oxygen-containing functional groups that coordinate to 
lanthanide ions. 
3.2 Results and discussion 
      To use 
17
O-NMR measurements to determine the number of oxygen nuclei 
coordinated to Dy
3+
, bound ligands must exchange with bulk (non-coordinated) ligands 
faster than the 
17
O-NMR timescale to observe average exchanging 
17
O-NMR chemical 
shifts of the ligands. Because exchange of ligands with Dy
3+
 depends on electron-
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donating ability, a series of solvents were studied with different donor numbers (Table 
3.1).
26
 Donor numbers are used as measures of Lewis basicity that correlate to binding 
affinity for Lewis acids, such as Dy
3+
. Solvents with larger donor numbers are expected 
to coordinate to Dy
3+
 in greater number than solvents with smaller donor numbers. 
17
O-
NMR spectroscopy was applied to study the individual coordination numbers of Dy
3+
 in 
acetone, ethyl acetate, THF, dimethylformaldehyde (DMF), DMSO, 
hexamethylphosphoramide (HMPA), di-isopropyl ketone, and hexamethyl acetone. These 
solvents were chosen because they contain the functional groups in Figure 3.1, vary in 
steric bulk, and cover a range of donor numbers from 17.0 to 38.8 kcal mol
–1
.
26
 To 
quantify the coordination number of individual solvents to Dy
3+
, the 
17
O-NMR spectra of 
individual solvents were measured in the presence and absence of Dy
3+
. The observed 
shifts were used to calculate the average coordination number of solvent to Dy
3+
 using 
equations derived by Peters and co-workers.
20,27
 A key result of their work is expressed 
by eq 3.1, where n is the number of oxygen nuclei coordinated to Dy
3+
, δobs is the 
observed difference in chemical shift of an 
17
O-NMR peak between the absence and the 
presence of Dy
3+
 ions in ppm, [Dy] is the concentration of Dy
3+
 ions in M, Pm is the 
molar ratio of Dy
3+
 ions to oxygen nuclei of interest, and T is temperature in K. The 
numbers are from constants that did not change in our study, including the shape of the 
sample and its position in the magnetic field, the effective magnetic moment of Dy
3+
, and 
the projection of the total electron spin magnetization of the Dy
3+
 ion in the direction of 
the external magnetic field. 
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      For acetone, the difference in 
17
O chemical shift between the absence and presence of 
Dy
3+
 (17.6 mM) was –13.6 ppm, corresponding to an average number of acetone 
molecules of 5.7 ± 0.1. An attempt to compare this value to a reported value determined 
by another technique was unsuccessful, because a reported value does not exist for the 
number of acetone molecules coordinated to Ln
3+
 in acetone. Therefore, the new result 
was compared to the number of acetone molecules coordinated to Eu(OTf)3 in 
water/acetone (1% water by volume) measured using luminescence-decay rates,
23
 which 
was the most similar reported system. The comparison of Dy
3+
 to Eu
3+
 is valid because 
many ligands form similar complexes with multiple Ln
3+
 ions.
28
 Therefore, the 
coordination number of Dy
3+
 should be similar to that of Eu
3+
, and if anything, a little 
smaller because of the slightly smaller ionic radius of Dy
3+
 relative to Eu
3+
. The average 
number of water molecules coordinated to Eu
3+
 was 5.3 in water/acetone (1% water by 
volume) calculated from luminescence-decay measurements. If the total number of 
coordination sites of Eu
3+
 is assumed to be 9, then the average number of acetone 
molecules coordinated to Eu
3+
 is ≤3 7  This n mber is smaller than the n mber in o r 
study (5.7 ± 0.1) because water (donor number = 18.0 kcal mol
–1
)
26
 competes with 
acetone. Given that the new value is greater than the value for Eu
3+
 in water/acetone and 
less than 9, this comparison suggests that the technique of 
17
O-shifts is reasonable for 
studying the coordination of acetone. To increase the validity of the comparison with 
luminescence-decay data, the 
17
O-NMR experiment was repeated in acetone with the 
addition of 1% water. The shifts from this experiment resulted in calculations of 4.7 
coordinated water molecules and 2.3 coordinated molecules of acetone, numbers that are 
consistent with the luminescence-decay data. 
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Table 3.1. Number of solvent molecules (n) coordinated to Dy
3+
  
Solvent Donor number
26
 (kcal mol–1) n 
HMPA 38.8 0 
DMSO 29.8 7.5 ± 0.2 
DMF 26.6 8.3 ± 0.1 
THF 20.0 3.3 ± 0.1 
ethyl acetate 17.1 5.4 ± 0.1 
acetone 17.0 5.7 ± 0.1 
di-isopropyl ketone not reported 1.3 ± 0.1 
hexamethylactone not reported 1.6 ± 0.4 
       For ethyl acetate, there were two 
17
O-peaks that corresponded to the carbonyl oxygen 
and the ethoxy group (Figure 3.1). The differences in 
17
O chemical shifts in the absence 
and presence of Dy
3+
 (18.9 mM) were –16.6 ppm for the carbonyl oxygen and 3.1 ppm 
the ethoxy oxygen. The observed shift of the carbonyl oxygen led to an average number 
of ethyl acetate molecules coordinated to Dy
3+
 of 5.4 ± 0.1. When the ethoxy oxygen 
shift was used, the coordination number was 0.02 ± 0.01. An exhausted search produced 
no value for the number of ethyl acetate molecules coordinated to Ln
3+
 ions; therefore, 
the new value was compared to the value of acetone based on the similar donor numbers 
and steric effects of the two solvents. The steric effects of ligands can be estimated by 
their cone angles.
29
 The cone angles of ethyl acetate and acetone coordinated to La
3+ 
was 
calculated to be 95 and 92º, respectively, from published crystal structures in solid 
state
30,31 
as described in the experimental section.
32
 Because ethyl acetate and acetone 
have similar donor numbers (17.1 and 17.0 kcal mol
–1
) and cone angles, it is reasonable 
for them to have similar coordination numbers to Dy
3+
. Unlike the carbonyl oxygen, the 
ethoxy oxygen did not coordinate to Dy
3+
 likely due to the more nucleophilic nature of 
the carbonyl oxygen relative to the ethoxy oxygen. This result shows that 
17
O-NMR 
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spectroscopy can be used to study the coordination of oxygen-based ligands that contain 
multiple oxygen atoms. 
 
Figure 3.2. 
17
O-NMR spectra of ethyl acetate in the presence (upper spectra) and absence 
(lower spectra) of Dy(OTf)3. In both spectra, the peak corresponding to the carbonyl 
oxygen is on the left. 
      For THF, the difference in 
17
O chemical shift upon addition of Dy(OTf)3  (10.2 mM) 
was –4.0 ppm. This observed shift was used to determine the average number of THF 
molecules coordinated to Dy
3+
 to be 3.3 ± 0.1. This value was compared with the 
reported values for DyCl3, DyBr3, and DyI3 which are all 3.5 in THF studied with X-ray 
diffraction spectroscopy.
33–35
 The new value is in good agreement with these reported 
values. The new value of the coordination number in THF was also compared to the 
values for ethyl acetate and acetone. Despite THF having a larger donor number than 
acetone or ethyl acetate, the number of THF molecules coordinated to Dy
3+
 is smaller 
than that of acetone or ethyl acetate. This observation is likely due to the increased steric 
bulk of THF relative to ethyl acetate or acetone. The cone angle of THF bound to La
3+
 
was calculated to be 103º based on a reported crystal structure.
36
 This cone angle is larger 
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than ethyl acetate (95º) and acetone (92º) and likely accounts for the differences in 
coordination number between these solvents. 
      For DMF, the difference in 
17
O chemical shift upon addition of Dy(OTf)3 (19.2 mM) 
was –21.9 ppm, predicting an average number of DMF molecules coordinated to Dy3+ of 
8.5 ± 0.1. To evaluate the accuracy of this value, The new value was compared to the 
coordination number of the most similar reported system that used a different technique: 
the coordination number of DMF to Gd(ClO4)3 (8.1 ± 0.2) studied by Raman 
spectroscopy.
19
 This comparison is reasonable given the similar ionic radii and 
coordination chemistries of Gd
3+
 and Dy
3+
. Additionally, the triflate anion in my study 
and the perchlorate anion used in the Raman study are both weakly coordinating and 
unlikely to interfere with the comparison. The new coordination number of DMF to Dy
3+
 
(8.3 ± 0.1) is not different at a 95% confidence interval (Student t test) from the 
coordination number of DMF to Gd
3+
 (8.1 ± 0.2) studied by Raman spectroscopy. 
Moreover, the coordination number for DMF is larger than the values for ethyl acetate, 
acetone, and THF. Of these solvents, DMF has the largest coordination number likely 
because it has the largest donor number among these solvents. 
      The difference in 
17
O chemical shift of DMSO between the absence and presence of 
Dy(OTf)3 (27.7 mM) was –24.0 ppm, indicating that the average coordination number of 
DMSO was 7.5 ± 0.2. This value is close to the value of 8 studied by X-ray diffraction 
spectroscopy.
37
 This new value is also compared to the other solvents in this study. The 
number of DMSO molecules coordinated to Dy
3+
 is larger than the value for THF, ethyl 
acetate, or acetone. This trend is reasonable because DMSO has the highest donor 
number among these solvents. However, DMF has a solvation number that is 0.8 larger 
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than DMSO, despite the donor number of DMF being slightly lower than that of DMSO. 
Although these values are the inverse of what might be expected, they are close and 
consistent with the reported binding strength of DMF and DMSO with boron trifluoride 
in dichloromethane.
38
 
      The difference in 
17
O chemical shift of HMPA in the absence and presence of 
Dy(OTf)3 (20 mM) was 2.9 ppm, indicating an average coordination number of 0.06 ± 
0.01. A lack of binding of HMPA to Dy
3+
 is inconsistent with the reported value of up to 
six.
39
 Because HMPA is a strong electron-pair donor that has donor number of 38.8 kcal 
mol
–1
, the exchange rate between HMPA bound to Dy
3+
 and HMPA in the bulk is too 
slow relate to the NMR timescale to be detected. A strong binding of HMPA to 
lanthanides is consistent with the observations of Flowers and co-workers.
40
 The 
17
O-
NMR peak observed in this thesis work for HMPA in the presence of Dy
3+
 is likely from 
unbound HMPA molecules in slow exchange with bound HMPA, and the 
17
O-peak from 
bound HMPA was not observed likely due to low signal intensity. To confirm that 
HMPA coordinated to Dy
3+
, a 
1
H-NMR study was performed to distinguish coordinated 
HMPA molecules from bulk HMPA (Figure 3.4). The 
1
H-peaks of HMPA at 22 C 
displayed two peaks at 14.7 (coordinated HMPA) and 6.1 ppm (bulk HMPA). These two 
peaks did not overlap even at 80 C, indicating the presence of Dy3+-HMPA complexes 
that were not exchanging with bulk HMPA on the NMR time scale. This observation is 
consistent with a requirement of the technique being that solvent must exchange rapidly 
on the 
17
O-NMR timescale to use eq 3.1 to calculate the solvation number. 
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Figure 3.3. 
1
H-NMR spectra of HMPA in the presence of Dy(OTf)3 (20 mM) using 
hexamethyldisilazane as internal standard (0 ppm). The arrows point to the peak 
corresponding to coordinated HMPA at different temperatures. 
      In addition to electron-pair donating ability of ligands, steric effects also impact the 
coordination environment of Dy
3+
. This impact was initially observed by comparing the 
average coordination numbers of THF, ethyl acetate, and acetone. The influence of steric 
bulk on 
17
O measurements was further probed by comparing the coordination number of 
three ketones that differ in bulk: acetone, di-isopropyl ketone, and hexamethyl acetone. 
For acetone, di-isopropyl ketone, and hexamethyl acetone, the difference in 
17
O chemical 
shifts led to average coordination numbers of 5.7 ± 0.1, 1.3 ± 0.1, and 1.6 ± 0.4, 
respectively. The number of solvent molecules coordinated to Dy
3+
 with these ketones 
was significantly smaller when the side arms of the ketone changed from methyl to 
isopropyl or tert-butyl. For di-isopropyl ketone and hexamethyl acetone, the solvation 
number was not different (Student t test, 95% confidence interval), and this observation is 
likely due to fast rotation of the isopropyl and tert-butyl groups leading to similar steric 
size in solution. The reasonable relationship between steric bulk and ligand binding based 
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on these three ketones and THF provide further support that 
17
O-NMR studies are useful 
for studying the coordination chemistry of lanthanide ions in solution. 
      In addition to the single-solvent systems described above, the use of 
17
O-NMR 
spectroscopy was explored to study the coordination numbers of oxygen nuclei in 
multiple species simultaneously. Such mixed systems are relevant to lanthanide-catalyzed 
carbon–carbon bond formation, where coordination numbers are relevant to mechanistic 
studies.
41,42
 4-Chlorobenzaldehyde was chosen as a model substrate and THF as the 
solvent to simultaneously study the coordination of 4-chlorobenzaldehyde and THF to 
Dy
3+
 using 
17
O-NMR spectroscopy. The selection of aldehyde is relevant because Ln
3+
 
ions can catalyze the conversion of 4-chlorobenzaldehyde to 3,4-dihydropyrimidin-
2(1H)-ones, which are important compounds in the synthesis of pharmaceuticals.
43
 
Because the amount of 4-chlorobenzaldehyde (0.32 mmol) used in the measurement was 
insufficient to observe via 
17
O-NMR spectroscopy, the aldehyde was enriched using 
17
O-
enriched water (35–40%) to enhance the 17O-NMR signal. For 17O-labeled 4-
chlorobenzaldehyde in THF, the 
17
O chemical shift of THF was referenced to a reported 
value (14.0 ppm).
44
 The differences between 
17
O chemical shifts in the absence and 
presence of Dy
3+
 (20.3 mM) were –24.9 ppm for 17O-labeled 4-chlorobenzaldehyde and –
7.0 ppm for THF (Figure 3.4). Based on these chemical shifts, the average coordination 
number of THF was calculated to be 3.1 and the average coordination number of 4-
chlorobenzaldehyde was calculated to be 0.3. This result is consistent with the THF to 4-
chlorobenzaldehyde (33:1) mole ratio. The number of THF molecules coordinated to 
Dy
3+
 changed from 3.3 in pure THF to 3.1 with the addition of a small amount of 4-
chlorobenzaldehyde. This observation indicates that the method is useful for studying 
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multiple ligands simultaneously. After observing that 4-chlorobenzaldehyde was 
coordinated to the Dy
3+
, the exchange rate of 4-chlorobenzaldehyde with Dy
3+
 in THF 
was measured using the variable-temperature 
17
O-NMR spectroscopy.
22,35
 The ligand-
exchange rate of 4-chlorobenzaldehyde to Dy
3+
 in THF was determined to be (1.1 ± 0.1) 
× 10
9
 s
–1
. Because an exchange rate of aldehyde of Dy
3+
 was not reported in other studies, 
the new result was compared to the solvent-exchange rate of Dy
3+
 in water, acetonitrile, 
DMF and TMU that has been summarized in Chapter 1. The faster exchange rate of 4-
chlorobenzaldehyde to Dy
3+ 
in THF than in water (3.8 × 10
8
 s
–1
), DMF (6.3 × 10
6
 s
–1
), 
and TMU (1.3 × 10
3
 s
–1
) is likely due to the weaker electrostatic attraction between 4-
chlorobenzaldehyde and Dy
3+
 ions relative to solvents listed above. Indeed, the faster 
exchange rate of 4-chlorobenzaldehyde in THF relative to in acetonitrile (1.6 × 10
6
 s
–1
), 
which is a weaker coordinating solvent, suggests an associative exchange mechanism for 
4-chlorobenzaldehyde in THF.  
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Figure 3.4. 
17
O-NMR spectra of 
17
O-labeled 4-chlorobenzaldehyde in THF in the 
presence (upper spectrum) and absence (lower spectrum) of Dy(OTf)3. The chemical shift 
of THF was referenced to a reported value.
46
 
3.3 Experimental section 
Materials and Reagents 
      Hexamethyldisilazane was purchased from Alfa Aesar and used as received. 4-
Chlorobenzaldehyde was purchased from TCI America and used as received. 
17
O-
enriched water (35–40%) was from Cambridge Isotope Laboratories, Inc. Dysprosium(III) 
trifluoromethanesulfonate (triflate) was purchased from Sigma-Aldrich and dried at 0.38 
Torr and 200 C for 12 h before use. Anhydrous solvents—DMF, DMSO, acetone, 
diethyl ether, and THF—were obtained from EMD Millipore and stored over 3 Å 
molecular sieves under Ar prior to use.
45
 Anhydrous HMPA was purchased from Sigma-
Aldrich and stored over 3 Å molecular sieves under Ar prior to use. Di-isopropyl ketone 
and hexamethyl acetone were purchased from Alfa Aesar, purified by fractional 
distillation, and stored over 3 Å molecular sieves under Ar prior to use. 
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Preparation of samples for 
17
O-NMR Measurements 
      All 
17
O-NMR measurements were performed using natural 
17
O-abundance except for 
4-chlorobenzaldehyde. Generally, dysprosium(III) triflate (5–12 mg) was added to a 
solvent (1 mL), sonicated (5 min, 23 C) using a sonicator (Fisher Scientific FS60H), and 
then filtered through a 0.2 mm hydrophobic filter into an NMR tube. Corresponding 
reference samples were prepared by filtering solvents without dysprosium(III) triflate 
through 0.2 mm hydrophobic filters into NMR tubes. After NMR data was collected, the 
concentration of Dy
3+
 in each sample was determined using inductively coupled plasma 
mass spectrometry (Agilent 7700x series) in the Lumigen Instrument Center at Wayne 
State University. 
      Enrichment of 
17
O-labeled 4-chlorobenzaldehyde was performed following a 
procedure for the enrichment of benzaldehyde.
46
 Briefly, 
17
O-enriched water (35–40%, 
75 μ ) followed by an aq eo s sol tion of HCl (6    10 μ ) was added to a sol tion of 
4-chlorobenzaldehyde (500 mg, 3.6 mmol) in THF (3 mL). The reaction was stirred at 
ambient temperature until the integrated intensity-ratio of 4-chlorobenzaldehyde to water 
from 
17
O-NMR spectroscopy remained constant (30 min). The reaction mixture was 
passed over MgSO4 and stored over 3 Å molecular sieves under Ar. For 
17
O-NMR 
measurements of 
17
O-labeled 4-chlorobenzaldehyde, dysprosium(III) triflate (12 mg) was 
added to a solution of 
17
O-labeled 4-chlorobenzaldehyde (166 mg) in THF (1 mL). The 
mixt re was sonicated for 5 min and then filtered thro gh a 0 2 μm hydrophobic filter 
into an NMR tube. The corresponding reference was prepared by filtering the same 
solution of 
17
O-labeled 4-chlorobenzaldehyde in THF without dysprosium(III) triflate 
thro gh a 0 2 μm hydrophobic filter into an   R t be  After meas rements were 
72 
 
 
 
performed, the concentration of 
17
O-labeled 4-chlorobenzaldehyde was quantified using 
high performance liquid chromatography [isocratic elution (water/acetonitrile = 1:4, flow 
rate = 1 mL/min) with a C18 column (ZORBAX) on a high performance liquid 
chromatography system (Shimadzu) with a photodiode array detector monitoring at 244 
nm]. The concentration of Dy
3+
 solution was determined using inductively coupled 
plasma mass spectrometry. 
17
O-NMR measurements 
      All 
17
O-NMR measurements were performed on a Varian-500S (67.78 MHz) 
spectrometer in the Lumigen Instrument Center at Wayne State University. 
17
O-NMR 
measurements were carried out using non-deuterated solvents without locking the 
frequency as described by Peters and coworkers.
20
 Drifts of 
17
O-NMR signals caused by 
changes of the magnetic field during the measurements were measured by comparing the 
chemical shift of the 
17
O-NMR peak of DMF before and after every measurement. Every 
drift was smaller than 0 05 ppm  which is 9 8% of the smallest δobs from all of the 
measurements in this study. This drift indicates that the maximum error in the number of 
oxygen-based ligands coordinated to Dy
3+
, resulting from the drift of magnetic field, is 
less than 0 1 molec les  Therefore  it is reasonable to meas re δobs without locking the 
NMR spectrometer in these measurements. 
      For studies in acetone or THF, 
17
O-NMR measurements were performed with 128 
scans at 50 C to avoid boiling of the solvents. For studies in other solvents, 17O-NMR 
measurements were performed at 70 C to obtain sharp peaks with either 128 or 256 
scans, depending on the intensities of the 
17
O-NMR signals. All 
17
O-NMR measurements 
73 
 
 
 
were repeated three times with independently prepared samples, and values are reported 
as the mean ± standard error of the independent measurements (Table 3.2 and 3.3). 
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Table 3.2. 
17
O-NMR chemical shifts of solvents in the absence and presence of Dy
3+
. 
Samples [Dy
3+
] (mM) 
17
O-NMR shifts 
in the presence 
of Dy
3+
 (ppm) 
 
17
O-NMR shifts 
in the absence 
of Dy
3+
 (ppm)
a
 
 
T (ºC) 
acetone trial 1 17.6 556.5 569.0 50 
acetone trial 2 17.0 556.3 569.0 50 
acetone trial 3 16.5 556.6 569.0 50 
di-isoproyl ketone trial 1 15.8 531.8 535.0 70 
di-isoproyl ketone trial 2 15.2 532.2 535.0 70 
di-isoproyl ketone trial 3 16.0 532.0 535.0 70 
hexamethylacetone trial 1 1.8 563.5 564.5 70 
hexamethylacetone trial 2 1.8 563.6 564.5 70 
hexamethylacetone trial 3 27.4 554.7 564.5 70 
ethyl acetate trial 1 18.6 342.9, 168.1 359.5, 165 70 
ethyl acetate trial 2 19.0 342.8, 168.1 359.5, 165 70 
ethyl acetate trial 3 18.2 342.8, 168.1 359.5, 165 70 
tetrahydrofuran trial 1 10.2 384.1 14.0 50 
tetrahydrofuran trial 2 10.4 384.1 14.0 50 
tetrahydrofuran trial 3 10.1 384.1 14.0 50 
DMF trial 1 19.2 301.1 323 70 
DMF trial 2 20.0 301.1 323 70 
DMF trial 3 19.6 301.1 323 70 
DMSO trial 1 27.7 –12.0 12.0 70 
DMSO trial 2 27.0 –12.8 12.0 70 
DMSO trial 3 27.0 –12.6 12.0 70 
HMPA trial 1 20.0 76.3 73.4 70 
HMPA trial 1 19.2 76.4 73.4 70 
HMPA trial 1 19.8 76.3 73.4 70 
a17
O-shift of neat solvents are referenced to reported values.
44, 47–51
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Table 3.3. 
17
O-NMR chemical shifts of 
17
O-labeled 4-chlorobenzaldehyde in THF in the 
absence and presence of Dy
3+
 (20.3 mM) at 50 ºC. 
Solution component 
17
O-NMR shift with Dy
3+
 
(ppm) 
 
17
O-NMR shift without Dy
3+
 
(ppm) 
 
tetrahydrofuran 
4-chlorobenzaldehyde 
7.0 
543.7 
14.0
a
 
568.6 
a
the 
17
O-shift of THF is referenced to a reported value
44
 
Determination of cone angles  
      Cone angles of acetone, ethyl acetate, and tetrahydrofuran (THF) coordinated to La
3+ 
were calculated from crystal structures
30,31,36 
based on a reported method.
32
 Briefly, the 
half cone angle (θi) of ligand bound to La
3+
 was calculated using eq 3.2  where αi is the 
outermost angle hydrogen–La3+–bound oxygen from a crystal structure determined using 
ConQuest software, r is the van der Waals radius of hydrogen and was set to 1.2 Å,
52
 and 
di is bond length from hydrogen to La
3+
 (Figure 3.5)  The cone angle (Θ) was calc lated 
as the s m of the two half cone angles (θ1 and θ2). Results are listed in Table 3.4.  
         
   
 
  
                               3.2 
 
Table 3.4. Calculated cone angles of acetone, ethyl acetate, and THF coordinated to La
3+
 
ions.  
Solvent Ref α1 ( ) α2 () d1 (Å) d2 (Å) r2 (Å) θ2 () θ1 () Θ () 
acetone 30 31 29 4.2 4.3 1.2 45 47 92 
ethyl acetate 31 43 26 6.1 4.7 1.2 42 53 95 
THF 36 34 31 3.5 3.7 1.2 49 54 103 
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Figure 3.5. Schematic used in the determination of cone angles of acetone, ethyl acetate, 
and THF to La
3+
. 
Variable-temperature 
17
O-NMR measurements 
      Variable-temperature 
17
O-NMR measurements of 4-chlorobenzaldehyde in the 
presence and absence of Dy
3+
 were performed using a Varian-500S (67.78 MHz) 
spectrometer in the Lumingen Instrumentation Center at Wayne State University. The 
setting of NMR tube in these measurements is shown in Figure 3.6. The number of 4-
chlorobenzaldehyde molecules coordinated to Dy
3+
 was set to 0.3 based on the 
17
O-NMR 
chemical shift measurements. The reduced line widths of the bulk 
17
O-labeled 4-
chlorobenzaldehyde peak at half height in the presence and absence of Dy
3+
 were 
measured from 15 to 50 ºC (Table 3.5) with increments of 5 to 10 ºC to calculate the 
transverse relaxation rate, that were used to plot (Figure 3.7) and fit using origin software 
(8.0951 B951) following a previously published procedure to solve the for ligand-
exchange rates.
22
 The fitting results are listed in Table 3.6. 
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Figure 3.6. Schematic of the NMR tube used in the variable-temperature 
17
O-NMR 
measurements.  
 
 
Table 3.5.  Line widths of the bulk 
17
O-labeled 4-chlorobenzaldehyde peak at half height. 
 
 
Temperature (ºC) 
Linewidth at half height (Hz) 
 Dy
3+
 without Dy
3+
 
15 340 280 
20 304 256 
25 283 231 
30 252 210 
35 237 198 
40 223 190 
50 185 174 
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Figure 3.7.  Fitting plot of 
17
O-labeled 4-chlorobenzaldehyde in THF. 
 
Table 3.6.  Fitting results of 
17
O-labeled 4-chlorobenzaldehyde in THF. 
Parameters Value 
   
    (s) 1 × 10
–9
 
   
   (s–1) (1.1 ± 0.1) × 109 
   (KJ/mol) 4.7 × 104 
      (KJ/mol) 2.5 × 10
–11
 
n 0.3 
[Dy] (M)  2.0 × 10
–2
 
3.4 Conclusions 
      The application of 
17
O-NMR spectroscopy to study the average coordination number 
of non-hydroxyl oxygen-containing ligands to Dy
3+
 in solution was demonstrated using 
solvents of natural 
17
O-abundance. 
17
O-NMR spectroscopy was used to study solvation 
numbers of Dy
3+
 in solvents that vary in electron-pair donating ability and steric bulk. In 
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addition, 
17
O-NMR spectroscopy can be used to distinguish bound from non-bound 
oxygen nuclei in ligands that have multiple oxygen-donors. Finally, 
17
O-NMR 
spectroscopy was applied to study the coordination chemistry 4-chlorobenzaldehyde in 
THF that is relevant to lanthanide-based catalysis. The use of 
17
O-NMR spectroscopy 
requires coordinated ligands exchange rapidly with bulk molecules on the 
17
O-NMR 
timescale, limiting its application with strongly binding ligands; however, my study 
suggests that 
17
O-NMR spectroscopy can be used to study the coordination environment 
of lanthanide ions in non-protic solvents and likely has wide potential applications in the 
study of lanthanide ions in solution. 
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CHPATER 4. Conclusions and future directions 
4.1 Conclusions 
      The studies described in this thesis demonstrate new applications of 
17
O-NMR 
spectroscopy to study the coordination chemistry of Ln
3+
 ions in solution including 
ligand-exchange rates and numbers of coordinated ligands.  As an analytical technique, 
variable-temperature 
17
O-NMR spectroscopy was used for the first time to measure the 
ligand-exchange rates of lanthanide ions in ionic liquids. The water-exchange rates of 
Ln
3+
 ions (Gd
3+
, Dy
3+
, Tb
3+
, Ho
3+
, and Er
3+
) in water/1-ethyl-3-methylimidazolium 
ethylsulfate (EMIES) (1:19, v/v) and water/1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate (EMIOTf) (1:19, v/v) were measured using variable-
temperature 
17
O-NMR spectroscopy. The water-exchange rates of the studied Ln
3+
 ions in 
both ionic liquids show an inverse trend in exchange rate relative to lanthanide aquo ions. 
The unexpectedly fast water-exchange rate of Tb(OTf)3 in water/EMIES and 
water/EMIOTf was likely caused by the presence of Tb
4+
, which was confirmed by L3-
edge XANES spectra. Moreover, the faster exchange rates of studied Ln
3+
 ions in 
water/EMIOTf (1:19, v/v) relative to water/EMIES (1:19, v/v) were likely due to the 
lower viscosity of EMIOTf.  Nevertheless, 
17
O-NMR measurements require that 
lanthanide ions broaden the linewidth of bulk water more than the paramagnetic reference, 
limiting the use of this technique to study lanthanide ions with relatively weak magnetic 
properties. However, because the lanthanides show many similarities with respect to 
coordination chemistry, the ability to measure rates for five of these ions makes the 
technique useful.  
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      In addition to the ligand-exchange rates, the application of 
17
O-NMR spectroscopy to 
study the average coordination number of non-hydroxyl oxygen-containing ligands to 
Dy
3+
 in solution was demonstrated using solvents of natural 
17
O-abundance based on the 
Dy
3+
-induced chemical shift. 
17
O-NMR spectroscopy was used to study solvation 
numbers of Dy
3+
 in solvents (acetone, ethyl acetate, THF, DMF, DMSO, HMPA, di-
isopropyl ketone, and hexamethyl acetone) that vary in electron-pair donating ability and 
steric bulk. In addition, 
17
O-NMR spectroscopy can be used to distinguish bound from 
non-bound oxygen nuclei in ligands that have multiple oxygen-donors. The use of 
17
O-
NMR spectroscopy requires coordinated ligands exchange rapidly with bulk molecules 
on the 
17
O-NMR timescale, limiting its application with strongly binding ligands; 
however, 
17
O-NMR spectroscopy can be used to study the coordination environment of 
lanthanide ions in non-protic solvents. Finally, 
17
O-NMR spectroscopy was applied to 
study the coordination chemistry 4-chlorobenzaldehyde in THF that is relevant to 
lanthanide-based catalysis. The number of 4-chlorobenzaldehyde molecules bound to 
Dy
3+
 in THF was measured via the Dy
3+
-induced chemical shifts in 
17
O-NMR 
spectroscopy, and the exchange rate of 4-chlorobenzaldehyde was measured by variable-
temperature 
17
O-NMR spectroscopy. The results suggest that 
17
O-NMR spectroscopy can 
be used to study the coordination chemistry of Ln
3+
 ions and likely has wide potential 
applications in the study of lanthanide ions in traditional organic solvents and room 
temperature ionic liquids. 
4.2 Future directions 
     This thesis established to use 
17
O-NMR spectroscopy to study the coordination 
chemistry of Ln
3+
 ions in traditional organic solvents and room temperature ionic liquids, 
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making this technique useful to study ligand-exchange rates and coordination numbers of 
ligands in solution. These two parameters are important to lanthanide catalysis and 
separation of actinides and lanthanides in solution.
1,2
 Therefore, it would be interesting 
and important to study the coordination chemistry of Ln
3+
 ions in these chemical 
processes using 
17
O-NMR spectroscopy. Suggestions for these studies are outlined briefly 
in the following text.  
Water-exchange rates mechanism of Ln
3+
 ions in water/EMIES (1:19, v/v) and 
water/EMIOTf (1:19, v/v) 
      An inverse trend of water-exchange rates of Ln
3+
 ions in water/EMIES (1:19, v/v) and 
water/EMIOTf (1:19, v/v) was observed relative to Ln
3+
 aqua ions and was explained by 
the different size of Ln
3+ 
ions in solution. To support this explanation, computational 
simulations of water-exchange rates of Ln
3+
 ions in water/EMIES (1:19, v/v) would be 
useful. Professor Cisneros and Tao from his group at Wayne State University are working 
on these simulations. In addition, the exchange mechanism would be of interest and can 
be studied by performing variable-pressure 
17
O-NMR spectroscopy. The combination of 
computational simulations and experimental studies of exchange mechanism would 
expand our understanding of the water-exchange process of Ln
3+
 ions in room 
temperature ionic liquids.  
Study the coordination chemistry of Dy
3+
-catalyzed organic reactions 
      The capability of measuring the exchange rates and number of substrate molecules 
coordinated to Dy
3+
 in THF has been described in Chapter 3. This study suggested that a 
potential application of 
17
O-NMR spectroscopy to study Dy
3+
-catalyzed reactions. An 
example of this application would be to study the complete coordination chemistry of 
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Dy
3+
-based precatalysts in Mukaiyama aldol reaction, 
17
O-labled benaldehyde could be 
used to react with silyl ether to prepare 
17
O-labled 2-
(hydroxyphenylmethyl)cyclohexanone. The numbers of benaldehyde (n) and THF (y’) 
bound to Dy
3+
, and ksubstrate can be measured using 
17
O-NMR spectroscopy (Figure 4.1). 
In addition, the number of 2-(hydroxyphenylmethyl)cyclohexanone (a) and THF (y″) 
bound to Dy
3+
, and kproduct could also be calculated based on 
17
O-NMR measurements. 
This study would enable an understanding of the role of Dy
3+
-based precatalysts in the 
Mukaiyama aldol reaction. This method could also be used to study other Dy
3+
-catalyzed 
organic reactions including nito-aldol, Mannich, and Michael reactions.   
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Figure 4.1. Dy(OTf)3-catalyzed Mukaiyama aldol reaction in THF and proposed catalytic 
cycle of Dy
3+
-precatalyst in the catalytic cycle: x and y represent the number of triflate 
anions and THF molecules coordinated to Dy
3+
 in the 1
st
 coordinate; x’, y’, and n 
represent the number of triflate anions, THF molecules, and aldehyde molecules 
coordinated to Eu
3+
 in the 2
nd
 coordinate; x″, y″, and a represent the number of triflate 
anions, THF molecules, water molecules and 2-(hydroxyphenylmethyl)cyclohexanone 
molecules coordinated to Eu
3+
 in the 3
rd
 coordinate. 
Study the coordination chemistry of Ln
3+
 complexes in separation 
      In Chapter 2 and Chapter 3, the use of 
17
O-NMR spectroscopy to study ligand-
exchange rates and numbers of ligands bound to Ln
3+
 ions in ionic liquids and oxygen-
based organic solvents was described. These solvents are useful in extractions and 
separations of lanthanide ions. In addition, oxygen-based organic extractants including 
octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide, bis(2-ethylhexyl)- 
phosphoric acid, and      ′  ′-tetra(2-ethylhexyl)diglycolamide are important extractant 
in the separation of actinide and lanthanide ions from nuclear waste.
2
 These organic 
extractants bind to Ln
3+
 ions via oxygen;
2
 therefore, the numbers of organic extractants 
coordinated to Ln
3+
 in solvent could be a measured by 
17
O-NMR spectroscopy. This 
study would be a benefit understanding the mechanism of separation process of actinide 
and lanthanide ions. 
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Table A.1 
17
O-NMR Data of Gd(OTf)3 in H2O/EMIES_Trial 2 
Temperature (ºC) Linewidth at half height (Hz) 
 Gd
3+
 Y
3+
 
15 4196 2612 
20 3995 2191 
30 3947 1504 
40 3425 1014 
50 3024 741 
60 2143 567 
70 1302 432 
 
Figure A.1. Fitting plot of Gd(OTf)3 in H2O/EMIES_Trial 2 
 
 
Temperature (K) 
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Table A.2 Fitting results of Gd(OTf)3 in H2O/EMIES_Trial 2 
Parameters Value Standard Error 
   
    (s) 8.8 × 10
–8
 9 × 10
–9
 
1/   
   (s) 2.4 × 10
–7
 2 × 10
–8
 
   (KJ/mol) 4.8 × 104 3 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Gd] (M)  5.2 × 10
–3
 0 
Table A.3. 
17
O-NMR Data of Gd(OTf)3 in H2O/EMIES_Trial 3 
 
 
 
 
 
 
 
 
 
 
Temperature (ºC) Linewidth at half height (Hz) 
 Gd
3+
 Y
3+
 
15 4409 2844 
20 3872 2243 
30 3951 1454 
40 3147 1058 
50 2457 781 
60 1869 588 
70 1268 443 
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Figure A.2. Fitting plot of Gd(OTf)3 in H2O/EMIES_Trial 3 
Table A.4. Fitting results of Gd(OTf)3 in H2O/EMIES_Trial 3 
Parameters Value Standard Error 
   
    (s) 1.4 × 10
–7
 2 × 10
–8
 
1/   
   (s) 2.0 × 10
–7
 2 × 10
–8
 
   (KJ/mol) 4.5 × 104 4 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Gd] (M)  4.1 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
93 
 
 
 
Table A.5. 
17
O-NMR Data of Tb(OTf)3 in H2O/EMIES_Trial 1 
Temperature (ºC) Linewidth at half height (Hz) 
 Tb
3+
 Y
3+
 
15 3417 2704 
20 2700 2227 
25 2101 1712 
30 1738 1431 
40 1166 985 
50 855 746 
60 626 561 
70 484 435 
 
 
Figure A.3. Fitting plot of Tb(OTf)3 in H2O/EMIES_Trial 1 
Temperature (K) 
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Table A.6. Fitting results of Tb(OTf)3 in H2O/EMIES_Trial 1 
Parameters Value Standard Error 
   
    (s) 6.0 × 10
–8
 0 
1/   
   (s) 1.0 × 10
–8
 4 × 10
–10
 
   (KJ/mol) 4.6 × 104 3 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Tb] (M)  3.9 × 10
–3
 0 
Table A.7 
17
O-NMR Data of Tb(OTf)3 in H2O/EMIES_Trial 2 
Temperature (ºC) Linewidth at half height (Hz) 
 Tb
3+
 Y
3+
 
5 5463 4178 
10 4560 3617 
15 3517 2802 
20 2884 2244 
30 1888 1510 
40 1261 1059 
50 886 777 
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Figure A.4. Fitting plot of Tb(OTf)3 in H2O/EMIES_Trial 2 
Table A.8. Fitting results of Tb(OTf)3 in H2O/EMIES_Trial 2 
Parameters Value Standard Error 
   
    (s) 9.0 × 10
–8
 0 
1/   
   (s) 9.4 × 10
–9
 5 × 10
–10
 
   (KJ/mol) 4.1 × 104 3 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Tb] (M)  4.7 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
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Table A.9. 
17
O-NMR Data of Tb(OTf)3 in H2O/EMIES_Trial 3 
Temperature (ºC) Linewidth at half height (Hz) 
 Tb
3+
 Y
3+
 
15 3637 2757 
20 2984 2233 
30 1947 1483 
40 1337 1045 
50 941 760 
60 700 571 
70 533 442 
 
 
Figure A.5. Fitting plot of Tb(OTf)3 in H2O/EMIES_Trial 3 
 
Temperature (K)  
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Table A.10. Fitting results of Tb(OTf)3 in H2O/EMIES_Trial 3 
Parameters Value Standard Error 
   
    (s) 9.0 × 10
–8
 0 
1/   
   (s) 1.3 × 10
–8
 2 × 10
–10
 
   (KJ/mol) 3.6 × 104 1 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Tb] (M)  4.6 × 10
–3
 0 
Table 3.9 
17
O-NMR Data of Tb(OTf)3 in H2O/EMIES_Trial 4 
Temperature (ºC) Linewidth at half height (Hz) 
 Tb
3+
 Y
3+
 
15 3407 2931 
20 2740 2329 
30 2331 1900 
40 1855 1599 
50 1280 1098 
60 959 813 
70 683 606 
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Figure A.6. Fitting plot of Tb(OTf)3 in H2O/EMIES_Trial 4 
Table A.11. Fitting results of Tb(OTf)3 in H2O/EMIES_Trial 4 
Parameters Value Standard Error 
   
    (s) 9.0 × 10
–8
 0 
1/   
   (s) 7.4 × 10
–8
 2 × 10
–10
 
   (KJ/mol) 2.9 × 104 1 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Tb] (M)  4.2 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
99 
 
 
 
Table A.12. 
17
O-NMR Data of Dy(OTf)3 in H2O/EMIES_Trial 1 
Temperature (ºC) Linewidth at half height (Hz) 
 Dy
3+
 Y
3+
 
15 3474 2757 
20 2908 2233 
30 1797 1483 
40 1239 1045 
50 886 760 
60 655 571 
70 493 442 
 
 
 
Figure A.7. Fitting plot of Dy(OTf)3 in H2O/EMIES_Trial 1 
Temperature (K) 
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Table A.13. Fitting results of Dy(OTf)3 in H2O/EMIES_Trial 1 
Parameters Value Standard Error 
   
    (s) 4.4 × 10
–8
 2.6 × 10
–8
 
1/   
   (s) 2.0 × 10
–8
 0.7 × 10
–8
 
   (KJ/mol) 5.4 × 104 2 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Dy] (M)  4.6 × 10
–3
 0 
Table A.14. 
17
O-NMR Data of Dy(OTf)3 in H2O/EMIES_Trial 2 
Temperature (ºC) Linewidth at half height (Hz) 
 Dy
3+
 Y
3+
 
15 3131 2703 
20 2633 2227 
25 2055 1712 
30 1748 1431 
40 1192 985 
50 853 746 
60 628 561 
70 472 434 
 
 
 
101 
 
 
 
 
Figure A.8. Fitting plot of Dy(OTf)3 in H2O/EMIES_Trial 2 
Table A.15. Fitting results of Dy(OTf)3 in H2O/EMIES_Trial 2 
Parameters Value Standard Error 
   
    (s) 1.7 × 10
–8
 0.07 × 10
–8
 
1/   
   (s) 3.6 × 10
–8
 0.4 × 10
–8
 
   (KJ/mol) 6.2 × 104 4 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Dy] (M)  4.2 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
102 
 
 
 
Table A.16. 
17
O-NMR Data of Dy(OTf)3 in H2O/EMIES_Trial 3 
Temperature (ºC) Linewidth at half height (Hz) 
 Dy
3+
 Y
3+
 
15 3113 2754 
20 2558 2206 
30 1735 1454 
40 1174 1070 
50 871 757 
60 644 565 
70 489 434 
 
 
 
Figure A.9. Fitting plot of Dy(OTf)3 in H2O/EMIES_Trial 3 
Temperature (K)  
103 
 
 
 
Table A.17. Fitting results of Dy(OTf)3 in H2O/EMIES_Trial 3 
Parameters Value Standard Error 
   
    (s) 1.2 × 10
–8
 0.08 × 10
–8
 
1/   
   (s) 3.2 × 10
–8
 0.7 × 10
–8
 
   (KJ/mol) 5.7 × 104 6 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Dy] (M)  4.7 × 10
–3
 0 
 
Table A.18. 
17
O-NMR Data of Ho(OTf)3 in H2O/EMIES_Trial 1 
Temperature (ºC) Linewidth at half height (Hz) 
 Ho
3+
 Y
3+
 
15 3155 2702 
20 2594 2266 
30 1940 1769 
40 1669 1477 
50 1134 1031 
60 837 757 
70 607 558 
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Figure A.10. Fitting plot of Ho(OTf)3 in H2O/EMIES_Trial 1 
Table A.19. Fitting results of Ho(OTf)3 in H2O/EMIES_Trial 1 
Parameters Value Standard Error 
   
    (s) 3.8 × 10
–8
 1.4 × 10
–8
 
1/   
   (s) 1.9 × 10
–8
 0.5 × 10
–8
 
   (KJ/mol) 4.6 × 104 8 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Ho] (M)  4.5 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
105 
 
 
 
Table A.20. 
17
O-NMR Data of Ho(OTf)3 in H2O/EMIES_Trial 2 
Temperature (ºC) Linewidth at half height (Hz) 
 Ho
3+
 Y
3+
 
20 2481 2206 
30 1674 1454 
40 1149 1070 
50 819 757 
60 610 565 
70 470 434 
 
 
Figure A.11. Fitting plot of Ho(OTf)3 in H2O/EMIES_Trial 2 
 
Temperature (K)  
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Table A.21. Fitting results of Ho(OTf)3 in H2O/EMIES_Trial 2 
Parameters Value Standard Error 
   
    (s) 1.8 × 10
–8
 1.2 × 10
–8
 
1/   
   (s) 2.1 × 10
–8
 1.8 × 10
–8
 
   (KJ/mol) 6.0 × 104 3 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Ho] (M)  4.5 × 10
–3
 0 
 
Table A.22. 
17
O-NMR Data of Ho(OTf)3 in H2O/EMIES_Trial 3 
Temperature (ºC) Linewidth at half height (Hz) 
 Ho
3+
 Y
3+
 
20 2465 2145 
30 1587 1444 
40 1153 1042 
50 809 749 
60 594 572 
70 469 442 
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Figure A.12. Fitting plot of Ho(OTf)3 in H2O/EMIES_Trial 3 
Table A.23. Fitting results of Ho(OTf)3 in H2O/EMIES_Trial 3 
Parameters Value Standard Error 
   
    (s) 1.3 × 10
–8
 0.1 × 10
–8
 
1/   
   (s) 2.6 × 10
–8
 0.5 × 10
–8
 
   (KJ/mol) 5.9 × 104 6 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Ho] (M)  4.5 × 10
–3
 0 
 
 
 
 
Temperature (K) 
108 
 
 
 
 
Table A.24. 
17
O-NMR Data of Er(OTf)3 in H2O/EMIES_Trial 1 
Temperature (ºC) Linewidth at half height (Hz) 
 Er
3+
 Y
3+
 
15 3295 2862 
25 2040 1738 
30 1707 1506 
40 1152 1038 
50 816 750 
60 610 562 
70 463 444 
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Figure A.13. Fitting plot of Er(OTf)3 in H2O/EMIES_Trial 1 
Table A.25. Fitting results of Er(OTf)3 in H2O/EMIES_Trial 1 
Parameters Value Standard Error 
   
    (s) 4.4 × 10
–8
 1.0 × 10
–8
 
1/   
   (s) 2.4 × 10
–8
 0.4 × 10
–8
 
   (KJ/mol) 5.6 × 104 8 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Er] (M)  4.5 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
110 
 
 
 
Table A.26. 
17
O-NMR Data of Er(OTf)3 in H2O/EMIES_Trial 2 
Temperature (ºC) Linewidth at half height (Hz) 
 Er
3+
 Y
3+
 
15 3145 2844 
20 2511 2243 
30 1651 1454 
40 1123 1058 
50 806 781 
60 609 588 
70 464 443 
 
 
Figure A.14. Fitting plot of Er(OTf)3 in H2O/EMIES_Trial 2 
 
Temperature (K)  
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Table A.27. Fitting results of Er(OTf)3 in H2O/EMIES_Trial 2 
Parameters Value Standard Error 
   
    (s) 7 × 10
–8
 2.6 × 10
–8
 
1/   
   (s) 1.7 × 10
–8
 0.9 × 10
–8
 
   (KJ/mol) 7.2 × 104 7 × 103 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Er] (M)  4.9 × 10
–3
 0 
Table A.28. 
17
O-NMR Data of Er(OTf)3 in H2O/EMIES_Trial 3 
Temperature (ºC) Linewidth at half height (Hz) 
 Er
3+
 Y
3+
 
15 3102 2612 
20 2449 2191 
30 1632 1503 
40 1132 1015 
50 863 741 
60 614 567 
70 468 433 
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Figure A.15. Fitting plot of Er(OTf)3 in H2O/EMIES_Trial 3 
Table A.29. Fitting results of Er(OTf)3 in H2O/EMIES_Trial 3 
Parameters Value Standard Error 
   
    (s) 9.0 × 10
–8
 0 
1/   
   (s) 1.7 × 10
–8
 0.3 × 10
–8
 
   (KJ/mol) 5.1 × 104 1.2 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Er] (M)  4.2 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
113 
 
 
 
Table A.30. 
17
O-NMR Data of Er(OTf)3 in H2O/EMIES_Trial 4 
Temperature (ºC) Linewidth at half height (Hz) 
 Er
3+
 Y
3+
 
20 2529 2161 
25 2040 1803 
30 1688 1465 
35 1376 1256 
40 1121 1072 
45 972 884 
 
 
Figure A.16. Fitting plot of Er(OTf)3 in H2O/EMIES_Trial 3 
 
Temperature (K)  
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Table A.31. Fitting results of Er(OTf)3 in H2O/EMIES_Trial 4 
Parameters Value Standard Error 
   
    (s) 9.0 × 10
–8
 0 
1/   
   (s) 1.6 × 10
–8
 0.1 × 10
–8
 
   (KJ/mol) 5.7 × 104 0.8 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Er] (M)  4.6 × 10
–3
 0 
 
Table A.32 
17
O-NMR Data of Gd(OTf)3 in H2O/EMIOTf 
Temperature (ºC) Linewidth at half height (Hz) 
 Gd
3+
 Y
3+
 
11.5 2960 1073 
15 2892 950 
20 2727 833 
30 2202 625 
40 1856 499 
50 1449 384 
60 1020 298 
70 792 247 
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Figure A.17. Fitting plot of Gd(OTf)3 in H2O/EMIOTf 
Table A.33. Fitting results of Gd(OTf)3 in H2O/EMIOTf 
Parameters Value Standard Error 
   
    (s) 2.8 × 10
–7
 2 × 10
–8
 
1/   
   (s) 7.6 × 10
–8
 0.4 × 10
–8
 
   (KJ/mol) 2.8 × 104 0.2 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.6 0 
[Gd] (M)  4.6 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
116 
 
 
 
Table A.34. 
17
O-NMR Data of Tb(OTf)3 in H2O/EMIOTf 
Temperature (ºC) Linewidth at half height (Hz) 
 Tb
3+
 Y
3+
 
15 1186 989 
20 1021 887 
30 147 647 
40 554 514 
50 448 409 
60 360 328 
70 292 268 
 
 
Figure A.18. Fitting plot of Tb(OTf)3 in H2O/EMIOTf 
 
Temperature (K)  
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Table A.34. Fitting results of Tb(OTf)3 in H2O/EMIOTf 
Parameters Value Standard Error 
   
    (s) 9 × 10
–8
 0 
1/   
   (s) 3.4 × 10
–9
 0.2 × 10
–9
 
   (KJ/mol) 3.5 × 104 0.4 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.0 0 
[Tb] (M)  5.0 × 10
–3
 0 
 
Table A.35. 
17
O-NMR Data of Dy(OTf)3 in H2O/EMIOTf 
Temperature (ºC) Linewidth at half height (Hz) 
 Dy
3+
 Y
3+
 
15 1213 989 
20 1059 887 
30 800 647 
40 619 514 
50 475 409 
60 375 328 
70 310 268 
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Figure A.19. Fitting plot of Dy(OTf)3 in H2O/EMIOTf 
Table A.36. Fitting results of Dy(OTf)3 in H2O/EMIOTf 
Parameters Value Standard Error 
   
    (s) 9 × 10
–8
 0 
1/   
   (s) 7.2 × 10
–9
 0.3 × 10
–9
 
   (KJ/mol) 2.4 × 104 0.2 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.0 0 
[Dy] (M)  5.0 × 10
–3
 0 
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Table A.37. 
17
O-NMR Data of Ho(OTf)3 in H2O/EMIOTf 
Temperature (ºC) Linewidth at half height (Hz) 
 Ho
3+
 Y
3+
 
15 1160 989 
20 997 887 
30 745 647 
40 557 514 
50 445 409 
60 359 328 
70 287 268 
 
 
 
Figure A.20. Fitting plot of Ho(OTf)3 in H2O/EMIOTf 
Temperature (K)  
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Table A.38. Fitting results of Ho(OTf)3 in H2O/EMIOTf 
Parameters Value Standard Error 
   
    (s) 8 × 10
–8
 0 
1/   
   (s) 6.7 × 10
–9
 0.5 × 10
–9
 
   (KJ/mol) 3.3 × 104 0.5 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.0 0 
[Ho] (M)  5.0 × 10
–3
 0 
 
Table A.39. 
17
O-NMR Data of Er(OTf)3 in H2O/EMIOTf 
Temperature (ºC) Linewidth at half height (Hz) 
 Ho
3+
 Y
3+
 
5 1639 1513 
15 1097 985 
20 934 861 
30 721 657 
40 577 518 
50 468 433 
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Figure A.21. Fitting plot of Er(OTf)3 in H2O/EMIOTf 
Table A.40. Fitting results of Er(OTf)3 in H2O/EMIOTf 
Parameters Value Standard Error 
   
    (s) 8 × 10
–8
 0 
1/   
   (s) 5.2 × 10
–9
 0.2 × 10
–9
 
   (KJ/mol) 1.7 × 104 0.2 × 104 
      (KJ/mol) 2.5 × 10
–11
 0 
q 1.0 0 
[Er] (M)  5.0 × 10
–3
 0 
 
 
 
 
 
Temperature (K)  
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      Trivalent lanthanide (Ln
3+
)-containing complexes have a number of important 
applications in molecular imaging, catalysis, medical diagnosis, information storage, and 
environmental sensing. The properties of Ln
3+
-containing complexes that are useful for 
these applications are influenced by coordination chemistry, including the number of 
coordinated ligands and ligand-exchange rates. The coordination numbers for water 
molecules bound to Eu
3+
 and Tb
3+
 have been studied using luminescence-decay 
measurements; however, the coordination numbers of other important oxygen-containing 
functional groups such as ketones, esters, ethers, sulfonyls, amides, phosphine oxides, 
and aldehydes have not been as thoroughly studied in solution because of the lack of 
hydroxyl groups that quench the luminescence of Eu
3+
 or Tb
3+
. Therefore, there is a need 
to develop analytical methods to measure the coordination of different functional groups 
to Ln
3+
 ions. This thesis describes efforts to measure the number of solvent molecules 
coordinated to Dy
3+
 ions using 
17
O-NMR spectroscopy in acetone, ethyl acetate, 
tetrahydrofuran, dimethylsulfonate, dimethylformaldehyde, di-isopropyl ketone, 
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hexamethyl acetone and 4-chlorobenzaldehyde. These solvents were selected because 
they contain a range of functional groups that have different electron-donating abilities 
and steric bulk. The measured coordination numbers were consistent with reasonable 
values, indicating that 
17
O-NMR spectroscopy is a useful tool for measuring the 
coordination number of non-hydroxyl oxygen-containing ligands. 
      In addition to the coordination numbers of ligands, ligand-exchange rates are another 
important parameter that impacts the coordination chemistry of Ln
3+
 ions. This thesis 
describes the study of water-exchange rates of Ln
3+
 ions in room temperature ionic 
liquids. Room temperature ionic liquids were studied because they are important solvents 
for Ln
3+
 ions. Luminescence-decay measurements were used to measure the coordination 
number of Eu
3+
 and Tb
3+
 ions in water/1-ethyl-3-methylimidazolium ethylsulfate (1:19, 
v/v), and variable-temperature 
17
O-NMR spectroscopy was used to measure the water-
exchange rates of Gd
3+
, Tb
3+
, Dy
3+
, Ho
3+
, and Er
3+
 ions in water/1-ethyl-3-
methylimidazolium ethylsulfate (1:19, v/v). Water-exchange rates increased with 
increasing charge density of Ln
3+
 ions, except for Tb
3+
. This trend of water-exchange 
rates is opposite to the trend of Ln
3+
 aqua ions, indicating that the change of solvents can 
manipulate ligand-exchange rates of Ln
3+
 ions to the extreme case of inversing exchange-
rate trends. For Tb
3+
 ions, the fast water-exchange rate was attributed to the presence of a 
trace amount of Tb
4+
 that was confirmed by X-ray absorption spectroscopy. These 
findings suggest variable-temperature 
17
O-NMR spectroscopy is a useful technique to 
study the ligand-exchange rates of Ln
3+
 ions in ionic liquids.  
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